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EARTH SCIENCES DIVISION

RESEARCH SUMMARIES 2002-2003
A PERSPECTIVE FROM THE DI1VISION DIRECTOR

Research in earth and atmospheric sciences is becoming
increasingly important in light of the energy, climate change,
and environmental issues facing the United States and the
world. The development of new energy resources other than
hydrocarbons and the safe disposal of nuclear waste and
greenhouse gases (such as carbon dioxide and methane) are
critical to the future energy needs and environmental safety of
this planet. In addition, the cleanup of many contaminated
sites in the U.S., along with the preservation and management
of our water supply, remain key challenges for us as well as
future generations.

Addressing these energy, climate change, and environmen-
tal issues requires the timely integration of earth sciences’ dis-
ciplines (such as geology, hydrology, oceanography, climatol-
ogy, geophysics, geochemistry, geomechanics, ecology, and
environmental sciences). This integration will involve focusing
on fundamental crosscutting concerns that are common to
many of these issues. A primary focus will be the characteri-
zation, imaging, and manipulation of fluids in the earth. Such
capabilities are critical to many DOE applications, from envi-
ronmental restoration to energy extraction and optimization.

The Earth Sciences Division (ESD) of the Ernest Orlando
Lawrence Berkeley National Laboratory (Berkeley Lab) is cur-
rently addressing many of the key technical issues described
above.

Vil il B
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Our total staff of over 200 scientists, UC Berkeley faculty,
support staff and guests—performing world-acclaimed funda-
mental research in hydrogeology and reservoir engineering,
geophysics and geomechanics, geochemistry, microbial ecolo-
gy, and environmental engineering—provide the foundation
for all of our programs. Building on this scientific foundation,
we perform applied earth science research and technology
development to support the Department of Energy in a num-
ber of its program areas, namely:

e Fundamental and Exploratory Research--fundamental
research to provide a basis for new and improved energy
and environmental technologies

¢ Nuclear Waste Management—theoretical, experimental
and simulation studies of the unsaturated zone at Yucca
Mountain, Nevada

¢ Energy Resources—collaborative projects with industry
to develop or improve technologies for the exploration
and production of oil, gas, and geothermal reservoirs

e Environmental Remediation Technology—innovative
technologies for locating, containing, and remediating
metals, radionuclides, chlorinated solvents, and energy-
related contaminants in soils and groundwaters

e Climate Change and Carbon Management—geologic
sequestration of carbon dioxide, carbon cycling in the
oceans and terrestrial biosphere, and regional climate
modeling, which are the cornerstones of a major new
divisional research thrust related to understanding and
mitigating the effects of increased greenhouse gas con-
centrations in the atmosphere.
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In this document, we present summaries of many of our
current research projects. While it is not a complete account-
ing, it is representative of the nature and breadth of our
research effort. We are proud of our scientific efforts, and we
hope that you will find our research useful and exciting. Any
comments on our research are appreciated and can be sent to
me personally.

This report is divided into five sections that correspond to
the major research programs in the Earth Sciences Division:

¢ Fundamental and Exploratory Research

¢ Nuclear Waste

¢ Energy Resources

¢ Environmental Remediation Technology

¢ Climate Variability and Carbon Management

These programs draw from each of ESD's disciplinary depart-
ments: Microbial Ecology and Environmental Engineering,
Geophysics and Geomechanics, Geochemistry, and Hydrogeology
and Reservoir Dynamics. Short descriptions of these departments

Research Summaries
2002-2003

are provided as introductory material. A list of publications for the
period from January 2002 to June 2003, along with a listing of our
personnel, are appended to the end of this report.
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The Hydrogeology and Reservoir Dynamics (HRD)
department consists of more than 60 scientists, postdocs,
research associates, and graduate students carrying out a
broad range of cutting-edge research in fundamental and
applied hydrology. HRD has expertise in theoretical, experi-
mental, field, and modeling approaches in a variety of research
areas, among which are unsaturated zone hydrology (includ-
ing fracture flow and transport), reservoir engineering (includ-
ing pore-level modeling and gas hydrate studies), contaminant
hydrology (including reactive and colloid-assisted transport),
and coupled nonisothermal, geochemical, and geomechanical
processes. The HRD department addresses national needs in
the areas of subsurface energy resource recovery, contaminant
hydrology, geologic CO, storage, and nuclear waste disposal.
Highlights of research efforts in these areas over the last two
years include the following;:

SUBSURFACE ENERGY RESOURCE RECOVERY

Researchers in HRD are studying ways to enhance produc-
tion of energy from subsurface reservoirs containing geother-
mal energ y; oil and gas, and methane gas hydrates. Continuing
the long tradition of geothermal researdh in the Earth Sciences
Division, staff members in HRD are investigating geothermal
reservoir dynamics using natural tracers as indicators of boiling,
recharge, and mixing in liquid-dominated systems.
Applications and development of ESD’s reservoir simulator
TOUGH?2, for phase-partitioning tracer studies using noble
gases in vapor-dominated systems, are also carried out for char-
acterizing fracture systems and fracture matrix interaction—
with the ultimate goal of optimizing energy production.
Imaging of oil reservoir rock and highly detailed mathematical
models of pore structure are used by HRD scientists to derive
relative permeability curves to improve oil recovery from rocks
such as diatomite.
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The vast potential of gas-hydrate deposits in permafrost,
coupled with practical barriers to hydrate gas production, has
motivated HRD’s development of the world’s leading gas-
hydrate reservoir simulator. This extension of TOUGH2 has
been used to predict gas production from a permafrost reservoir
for various types of hydrate deposits. In a parallel effort, HRD
researchers have developed the first-ever portable computed
tomography (CT) scanner for imaging gas hydrates in rock
cores that are brought to the surface during exploration drilling.
This innovation has allowed researchers to quantify gas-hydrate
deposits on site before dissociation of the hydrates occurs due to
depressurization and heating. Laboratory experiments using
CT scanning of manufactured hydrates in rock cores are allow-
ing ESD researchers to track hydrate dissociation fronts over
time while controlling pressure and temperature. This work will
lead to better understanding of hydrate dynamics and gas-
hydrate methane production strategies. Integrating scientific
observations of gas hydrates from the field and lab, coupled
with unique numerical simulation capabilities, creates an effec-
tive approach to gas hydrate science.

CONTAMINANT HYDROLOGY

HRD researchers address the national need for subsurface
contaminant characterization and remediation across the spec-
trum of approaches. In the lab, HRD researchers are investigat-
ing some of the nation’s most critical subsurface contamination
issues, including the chemical evolution of highly alkaline
Hanford tank waste, reduction and re-oxidation of mobile
Uranium VI in sediments, hydraulic properties of unsaturated
gravels, and the natural production of transport-enhancing
mobile nanoparticles in the subsurface. In the field, HRD inves-
tigators lead the Berkeley Lab site restoration effort to remediate
groundwater plumes containing dissolved chlorinated solvent
and fuel contaminants. A pressurized constant-head water-injec-
tion system has been developed and used to measure hydraulic
conductivity in low-conductivity systems typical of the Berkeley
Lab site. Soil heating with vapor extraction was used in a low-
permeability and heterogeneous setting to remove over 500 kg of
chlorinated solvent. In addition, TOUGH2 modeling of ground-
water flow at the Berkeley Lab site is being carried out to
improve understanding of contaminant transport. HRD’s work
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in surface water is growing: field work is being done to investi-
gate the hydraulic conductivity of river gravels for recharge
studies, and to develop and test a fiber-optic turbidity meter.
Collaboration with scientists in other ESD departments and
Berkeley Lab divisions is currently under way, with a focus on
the coupled water-energy system in California. On the theoreti-
cal and modeling side, new TOUGH2 modules for multiple
volatile organic compounds (TMVOC) and landfill biodegrada-
tion and gas production processes (T2LBM) have been devel-
oped. The pumping rates and pressures in deep well injection of
hazardous waste have been analyzed with a new approach to
obtain formation hydraulic properties. Finally, HRD maintains
an international program to develop and test advanced technolo-
gies at sites worldwide, which can then be used domestically to
help with our nation’s most difficult contamination problems.

GEOLOGIC CO,; STORAGE

A relatively new area in which HRD is making significant
advances (with national and international impact) is geologic
CO, storage. Because geologic CO, storage is a new concept,
there are broad basic research needs. For example, HRD
researchers are developing methods for predicting CO»-H,O
mutual solubilities. These methods are then incorporated into
new modules of TOUGH?2 that are applied to a variety of CO,
storage problems, incuding CO, injection into deep brine for-
mations, injection into depleted gas reservoirs, leakage upward
through faults and fractures, and leakage and seepage of CO, in
the near-surface environment. The effects of geochemical
processes, including mineral precipitation and dissolution asso-
ciated with CO, storage, are being studied using TOUGH-
REACT, the coupled geochemistry and reservoir simulator. By
analogy, mechanical effects associated with CO, storage are
being studied using TOUGH-FLAC, a coupled geomechanical
reservoir simulator. An international code intercomparison
study led by HRD researchers provided confidence that CO,
reservoir processes can be accurately modeled. Laboratory work
in this area has induded efforts to image CO, flow and measure
relative permeability parameters such as residual gas saturation,
a key property for saturated zone CO, storage.

NUCLEAR WASTE DISPOSAL IN THE
UNSATURATED ZONE

The motivation for HRD'’s extensive effort in unsaturated
zone hydrology and coupled processes is stimulated by the need
to understand flow and transport in the unsaturated zone at
Yucca Mountain, Nevada. Research by HRD scientists in this
prominent area is both broad and focused. Starting with research
underground, HRD scientists have run a wide program of exper-
iments and testing in the Exploratory Studies Facility (ESF) at
Yucca Mountain. Field experiments range from the large multi-
year Drift Scale Test, to smaller-scale liquid releases in boreholes.
The practical difficulties of running tests underground at a
remote site have motivated the development of sophisticated
remote monitoring and operation capabilities, whereby instru-
ment adjustments, liquid releases, and data collection can be
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controlled remotely by scientists on site at Berkeley Lab. In addi-
tion, a large block of fractured tuff (1 cubic meter) was extracted
from the ESF and transported to Berkeley Lab for laboratory
experiments and testing. This effort complements smaller-scale
lab experiments focused on mineral precipitation and dissolu-
tion in fractured tuff by hot aqueous fluids. The heater testing,
seepage experiments, and fault and fracture flow testing (among
other tests) have been designed and run by teams that include
members with numerical modeling expertise.

The coupled approach of field experiment and modeling
analysis has served to advance understanding of the coupled
flow and transport properties of Yucca Mountain. Field data are
used to constrain and calibrate numerical models of flow and
transport developed over a wide range of scales for Yucca
Mountain. These efforts involve the use of the inverse modeling
version of TOUGH2 called iTOUGH?2, also developed by HRD
personnel. On the mountain scale, a large three-dimensional
TOUGH2 model has been developed, the flow fields from which
are used with advanced transport modules that consider colloid-
assisted transport and diffusion to model radionuclide transport.
The details of seepage into drifts, flow diversion, and flow focus-
ing are modeled on appropriate scales, as are processes of water-
rock interaction and geomechanical effects.

A considerable amount of general unsaturated zone hydrol-
ogy knowledge and understanding is generated by HRD
researchers. For example, new conceptualizations of fracture-
matrix interaction, scale dependence, and effects of multiscale
heterogeneity have been investigated. Work in this area also
extends to saturated systems in Japan, where free convection
simulations and uncertainty studies associated with potential
nuclear waste repositories are being carried out. The large effort
in HRD on a broad range of hydrologic processes related to
nuclear waste disposal typifies the strong integration of field,
laboratory, and modeling analyses characteristic of ESD scientif-
ic investigations.

FUNDING

Funding for HRD comes primarily from the U.S. Department
of Energy, including: the Director, Office of Science, Office of
Basic Energy Sciences, Division of Chemical Sciences,
Geosciences, and Biosciences; the Director, Office of Science,
Office of Biological and Environmental Research; the Assistant
Secretary for Energy Efficiency and Renewable Energy, Office of
Technology Development, Office of Geothermal Technologies;
the Assistant Secretary for Fossil Energy, Office of Coal and
Power Systems and Office of Natural Gas and Petroleum
Technology, through the National Energy Technology
Laboratory; the Director, Office of Civilian Radioactive Waste
Management, and the Assistant Secretary of the Office of
Environmental Management, Office of Science and Technology,
Environmental Management Science Program. The department
also receives funding support from the U.S. Environmental
Protection Agency. Other funding is provided
through the Laboratory Directed Research and _\'\_l
Development Program at Berkeley Lab. s ‘:{
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The primary focus of the Geophysics and Geomechanics
Department is to develop new methodologies for extracting
subsurface properties, including fluid properties, saturation,
porosity, pore pressure, permeability, and in situ stress, and
apply these methodologies to field data. These new method-
ologies incorporate a variety of data, including geophysical
(seismic, electromagnetic (EM), electrical, seismo-electric,
gravity, ground-penetrating radar (GPR), geomechanical (dis-
placement, tilt), and fluid flow (pressure). Fundamental and
applied research carried out in support of this objective
includes laboratory rock physics and pore-scale imaging stud-
ies, field geophysics surface and borehole studies, field geo-
physical-imaging hardware development, theory develop-
ment, computational geophysics and geomechanics modeling,
and imaging and inversion (deterministic and stochastic) algo-
rithm development. The driver for this research is the increas-
ing need to directly image fluid saturations, pore pressures,
and permeability in the subsurface for energy production,
environmental remediation, carbon management, and nuclear
waste disposal purposes, and to do so in the presence of
anisotropy and multiscale heterogeneities.

SCIENTIFIC RESEARCH AREAS

The department is organized into five scientific research
areas, led by the indicated Research Area Leaders:

* Computational Geophysics (Don Vasco)

* Rock Physics and Coupled Dynamics (Seiji Nakagawa)

* Hydrogeophysics (Susan Hubbard)

¢ Characterization and Monitoring Geophysical

Instrumentation (Ki-Ha Lee)

* Computational Geomechanics (Jonny Rutquist)

The primary purpose of these research areas is to advance
the science supporting high-resolution methods for extracting
subsurface properties and process information from geophys-
ical, geomechanical, and fluid flow data.
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COMPUTATIONAL GEOPHYSICS

The focus of this research area is to develop efficient, 3D
numerical codes for modeling seismic wave propagation and
electromagnetic wave propagation and diffusion. The chal-
lenge is to develop accurate and efficient computer codes
capable of modeling the seismic and electromagnetic response
of complex geologic structures (i.e., structures that may con-
tain anisotropy or multiscale heterogeneities in the form of
fractures, faults, folds, layers, or patchy saturation). A variety
of methods, including boundary integral equation, global
matrix, finite difference, spectral element, discrete element,
and asymptotic ray methods, are in the process of being devel-
oped for high-performance parallel computing frameworks.
These codes will serve as the computational engines for the
next generation of modeling-based deterministic and stochas-
tic inversion algorithms. This research is performed using the
supercomputers at the National Energy Research Scientific
Computing Center (NERSC) at Berkeley Lab, and the PC clus-
ter maintained by the Center for Computational Seismology
(CCS), within Berkeley Lab’s Earth Sciences Division.

ROCK PHYSICS AND COUPLED DYNAMICS

The connections between a geophysical observable, such as
seismic velocities and attenuation, electrical conductivity, and
dielectric constant, and rock properties, such as porosity, perme-
ability, and fluid saturation, are provided by rock-physics meas-
urements and/or theories. Rock-properties measurement
efforts are carried out at the Rock and Soil Physics Lab. This
facility has the electronic instrumentation and mechanical
equipment to perform a variety of geophysical measurements,
including seismic, electrical, electromagnetic, and fluid flow,
under low to moderate confining pressures. Experiments that
require detailed information about the porous microstructure
and fluid saturations at the pore level are carried out using the
x-ray computed tomography (CT) scanner in the Rock Imaging
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Lab and the recently completed high-resolution x-ray microto-
mography station located at Berkeley Lab’s Advanced Light
Source, and using the focused ion beam (fib) located at Berkeley
Lab’s National Center for Electron Microscopy. The primary
focus of our laboratory efforts is towards the understanding of
the geophysical properties of rock and sediments that are either
not well described by conventional rock physics theories (e.g.,
poorly consolidated sands and clays, gas hydrates, fractured
rock) or that have yet to be fully exploited (e.g., seismic attenu-
ation, seismo-electric response). Complementary theoretical
efforts are also under way to explore the dynamics of poroelas-
tic and seismoelectric response of rocks that contain multiple
fluid phases.

HYDROGEOPHYSICS

Research in the area of hydrogeophysics combines the dis-
ciplines of geophysics and hydrogeology to develop new
approaches for characterizing the shallow subsurface over a
range of scales for subsurface properties (such as hydraulic
conductivity, geochemical heterogeneity, lithology, and mois-
ture movement over time). This interdisciplinary field is
unique in the level of fusion between hydrogeological and
geophysical data sets, the incorporation of complex petrophys-
ical models, and the application of emerging stochastic inver-
sion techniques. In this area, new research is also being carried
out to investigate the role of biogeochemical changes associat-
ed with bioremediation in the hydrological and geophysical
responses resulting from processes such as dissolution/ precip-
itation of minerals, gas evolution, and biofilm generation.

CHARACTERIZATION AND MONITORING
GEOPHYSICAL INSTRUMENTATION

The focus of this research area is the development of inno-
vative geophysical instrumentation, including sensors,

Research Summaries
2002-2003

sources, and analysis software, for subsurface imaging and
monitoring. Efforts that are currently under way include the
development of an optimum electromagnetic system for
detecting and identifying unexploded ordnance, a novel elec-
tromagnetic imaging system (for environmental applications)
that operates in the frequency band between electromagnetic
diffusion and wave propagation, and a miniature rotary shear
source for crosswell and single-well seismic imaging applica-
tions.

COMPUTATIONAL GEOMECHANICS

This research area is concerned with the development of
new computational tools for predicting stress-induced
changes in transport properties, fracturing, and fault slip
resulting from fluid injection, fluid withdrawal, and thermal
loading. Of particular interest is the development of new com-
putational geomechanics-based inverse methods for estimat-
ing subsurface fracturing and fluid movement, and for pre-
dicting the seismic response resulting from fluid injection into
fractured rock.

FUNDING

The Geophysics and Geomechanics Department derives its
funding from a variety of U.S. Department of Energy (DOE) and
non-DOE sources. The primary sources of DOE funding are the
Director, Office of Science (Basic Energy Sciences and Biological
and Environmental Research), Office of Environmental
Management, Fossil Energy, Office of Geothermal Technologies,
Office of Civilian Radioactive Waste Management, and the
Berkeley Lab Laboratory Directed Research and Development
Program. Non-DOE funding sources include the U.S. Department
of Defense (SERDP), the Environmental Protection Agency (EPA),
Shell Oil Company, and ChevronTexaco Energy Research and
Technology.
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The Earth Sciences Division’s Geochemistry Department
combines expertise in chemical and isotopic analysis, molecu-
lar geochemistry and nanogeoscience, mineralogy, and multi-
scale data-gathering methodology to enable geochemical char-
acterization of earth systems from the macroscopic to the
molecular. The department comprises four groups with com-
plementary interests and capabilities.

MOLECULAR GEOCHEMISTRY
AND NANOGEOSCIENCE

Studies in this group address issues of contaminant seques-
tration and migration in the environment, mineral-fluid reac-
tions, and various aspects of aqueous solution chemistry.
Fundamental studies on the nature of the aqueous
solution/mineral interface and on the structure of (near-aque-
ous) solvated ions and colloids down to the nanometer regime
are also being performed. The aim of the latter studies is to
provide improved modeling capability for contaminant migra-
tion, weathering, sediment transfer, ion exchange, and nutri-
ent cycles. Current work includes: molecular-dynamics model-
ing of the interlayer-solvated cations in clays and the aggrega-
tion dynamics of nanoparticle iron oxides; studies of the solva-
tion environment of contaminant and nutrient molecules in
aqueous solution; determination of the molecular identity of
initial iron oxide precipitates on quartz surfaces; and charac-
terization of the surface chemistry and structure of environ-
mentally important minerals via simulation, x-ray scattering,
and x-ray spectroscopy methods. Many of these efforts involve
newly developed capabilities utilizing synchrotron x-ray
sources. Important new work on the aqueous behavior of
humic and fulvic acids, hydroxyl speciation near cations in
water, and the nature of organic contaminants on mineral sur-
faces has been carried out recently at Berkeley Lab’s Advanced
Light Source. The group also does extensive collaboratory
research utilizing the NCEM at Berkeley Lab, and takes advan-
tage of the NSERC facility at Berkeley Lab for large-scale

molecular dynamics simulations.
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ISOTOPE GEOCHEMISTRY

The Isotope Geochemistry group operates the Center for
Isotope Geochemistry, which was established in 1988 and
includes six important analytical facilities: stable isotope and
noble gas isotope laboratories; a soil carbon laboratory; an ana-
lytical chemistry laboratory; the Inductively Coupled Plasma
Multi-Collector Magnetic Sector mass spectrometry laboratory,
and a thermal-ionization mass spectrometry laboratory located
on the UC Berkeley campus. We also have an affiliation with the
cosmogenic isotope laboratory in UC Berkeley’s Space Sciences
Laboratory. These facilities provide state-of-the-art characteriza-
tion of all types of earth materials for research throughout the
department and elsewhere in the division. Further, they support
the Center's goals of finding new ways to utilize isotopic ratio
methods to study earth processes, and applying isotopic and
chemical analysis procedures to specific environmental and
energy problems of national interest.

Current research programs include: (1) the development of
models that use isotopic composition data from element pairs
in fluids to constrain fluid flow rates, water-mineral reaction
rates, and the geometry and spacing of fractures in rock matri-
ces; (2) the development and application of noble gas isotopes
as natural tracers for fluid source and movement in hydrocar-
bon and geothermal systems; (3) development of techniques
for dating Quaternary geological events using uranium-thori-
um-helium systematics; (4) the geochemical monitoring and
analysis of large-scale experiments simulating the effects of
nuclear waste heat generation within the proposed repository
in Yucca Mountain, Nevada; (5) the application of helium and
neodymium isotopes to determine magma-chamber recharge
rates in areas having possible volcanic hazards or the potential
for geothermal energy extraction; (6) the development of car-
bon, nitrogen, and oxygen isotope techniques for quantifying
in situ bioremediation and environmental restoration; (7) the
use of carbon isotopes to quantify rates of organic carbon
cycling and storage efficiency in soils, the impact of climate



Earth Sciences Division
Berkeley Lab

change on carbon cycling, and linkages between carbon, water,
and nitrogen cycles, (8) application of natural isotopic tracers
to follow the movement of water and contaminates through
the vadose zone and in groundwater, and (9) applications of
hydrogen and oxygen isotopes to issues concerning the water
cycle. A new program is under way to study iron isotope vari-
ations as a tracer in the oceanic and terrestrial iron cycles.

ATMOSPHERE AND OCEAN SCIENCES

The focus of this group is on the characterization of condi-
tions and chemical components in the oceans and atmosphere,
and on the development of process models using these inputs
(combined with other hydrospheric data) to explain and predict
climatic change.

The California Water Resources Research and Applications
Center maintains a suite of research and operational tools for
weather forecasts, climate prediction, and basic research.
Ongoing collaborations include: streamflow simulations with
the National Oceanic & Atmospheric Administration’s
California Nevada River Forecast Center; runoff contaminant
monitoring and management with the U.S. Bureau of
Reclamation; development of landslide-hazard prediction mod-
els with faculty at UC Berkeley; development of snow-cover
and snow-water equivalent maps for California with UC Santa
Barbara; and development of a shared information distribution
system with the U.S. Department of Energy’s Accelerated
Climate Prediction Initiative (DOE/ACPI) collaborators.
Outreach activities for this year have included a scientific
exchange program with AmazonTech.

The central motivation for ocean science research in this
group is to better understand the biological and physical
processes governing carbon in the ocean, how these processes
affect the balance of CO, between atmosphere and ocean, and
the efficacy of using the oceans to sequester carbon. The issues
are technologically challenging because of the rapidity of ocean
biological processes—the entire carbon biomass in the ocean is
replaced every one or two weeks.
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The Berkeley Lab team collaborates with other scientists to
deploy Carbon Explorers—robotic floats with telemetry capa-
bility and special sensors that can measure the distribution and
fate of ocean carbon, as well as temperature, salinity, and pres-
sure. In the laboratory, work is directed at expanding the sensor
suite carried by Carbon Explorers. The latest innovation is an
imaging optical sensor designed to simultaneously quantify the
sedimentation of both inorganic and organic particulate carbon.
The first Explorers documented the response of marine biota to
iron deposited in the Pacific Ocean by a massive dust storm that
had originated in Asia. In the Southern Ocean, Carbon
Explorers have quantified biomass enhancementin response to
deliberate iron addition to the ocean. A large-volume in situ fil-
tration system is also used to collect size-fractionated particulate
samples from surface to kilometer depths in the oceans.

GEOCHEMICAL TRANSPORT

A major effort of this group is the simulation and study of
coupled mineral-water-gas reactive transport in unsaturated
porous media. The work covers a wide range of processes
under differing geologic environments, including infiltra-
tion/evaporation processes in the soil zone, reactive transport
processes in fractured rock under boiling conditions, injection
of CO; in deep aquifers, and hydrothermal alteration in geo-
thermal systems. Although reactive transport modeling and
code development are the predominant activities, the group is
also active in planning the analysis and drilling activities for
underground thermal experiments, laboratory experiments,
and field studies of geothermal systems and natural analogues
for nuclear waste isolation.

Much of the work is focused on predicting thermally driv-
en processes accompanying the proposed emplacement of
high-level nuclear waste at Yucca Mountain, Nevada, and on
understanding the evolution of the natural hydrogeochemical
system. The group has expanded its efforts to studies of geo-
thermal systems, CO, sequestration, and modeling of stable
isotope variations in the vadose zone. Collaboration among
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others in the division brings together essential pieces of the
problem, including hydrological processes in the unsaturated
zone, thermodynamics and kinetics of geochemical processes,
and isotopic effects.

Current projects include:

e Simulation and analysis of an ongoing large-scale under-
ground thermal test, and planning of future drilling and sam-
pling efforts

e Prediction of coupled thermal-hydrological-chemical process-
es around potential waste emplacement tunnels to evaluate
changes in water and gas chemistry, mineralogy, and flow

e Analysis of geochemical and isotopic data from Yucca
Mountain, including 36Cl as a bomb-pulse tracer, to constrain
models of flow and transport in the unsaturated zone

¢ Development of models for reactive transport in unsaturated
systems and co-developers of the reactive transport code
TOUGHREACT

e Evaluation and development of improved thermodynamic
and kinetic databases for water-rock interaction modeling,
including new relations for CO, solubility to model CO,
sequestration

e Research on natural analogue sites, including (a) analysis and
modeling of continuously cored intervals from the
Yellowstone geothermal system to assess effects of mineral
alteration on fracture and matrix permeability; (b) study of
flow, transport, and secondary mineralization at Pefia Blanca,
Mexico; and (c) study of anthropogenic analogues, such as
those at the Idaho National Engineering and Environmental
Laboratory

® Modeling of CO, sequestration in saline aquifers, including
the impact of acid gas components, HyS and SO,, and inter-
actions with shale confining beds
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¢ Modeling hydrothermal alteration in geothermal systems.

e Simulation of the effects of scaling and acidization on perme-

ability in geothermal injection wells at the Tiwi geothermal

field, Philippines

Study of chemical interaction between formation waters,

injected waste fluids, and host rock during deep well injection

¢ Development of a Pitzer-type geochemical reactive transport
model and simulation of high-ionic-strength groundwater
contamination

FUNDING

Funding for the Geochemistry Department comes from a
variety of sources within the U.S. Department of Energy,
including: the Director, Office of Science, Office of Basic
Energy Sciences, Divisions of Materials Sciences, Engineering
and Geosciences; Office of Environmental Management,
O ffice of Science and Technology; Office of Energy Efficiency
and Renewable Energy, Office of Utility Technologies, Office
of Geothermal Technologies; Office of Biological and
Environmental Research; and the Office of Civilian
Radioactive Waste Management. Additional funding is pro-
vided by the U.S. Environmental Protection Agency; U.S.
Navy; National Aeronautics and Space Administration, Office
of Space Science and NASA Earth Enterprise; National
Science Foundation, Office of Polar Programs; the University
of California Campus-Laboratory Collaboration Hydrology
Project; National Oceanographic Partnership Program
(administered by the Office of Naval Research); National
Oceanic and Atmospheric Administration, Office of Global
Programs of the U.S. Department of Commerce, and the
Laboratory-Directed Research and Development (LDRD)
Program at Berkeley Lab.
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SCIENTIFIC FOCUS AREAS

The Microbial Ecology and Environmental Engineering
Department (MEEED) intends to maintain the highest quality
and highest visibility for its research and development in four
areas:

1. Hydroecological engineering advanced decision support

2. Molecular microbial ecology

3. Real-time assessment of bioavailability and biokinetics

4. Bioremediation and natural attenuation

These four R&D areas are largely integrated, but contain
some domains that are not inclusive. These four areas are con-
sidered MEEED'’s core competencies.
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HYDROECOLOGICAL ENGINEERING
ADVANCED DECISION SUPPORT (HEADS)

The HEADS research group has established a strong track
record in the rapidly growing, new subject area of Ecological
Engineering. The term hydroecological engineering signifies the
group’s concentration on water resources and wastewater engi-
neering. Recognizing the growth in the field of environmental
informatics and the application of computer-based models in the
development of decision support systems, the group is active in
this niche area. Interest in decision support interfaces well with
the group’s expertise in the deployment of real-time flow and
water quality sensors, rapid laboratory assessment techniques,
and mathematical models to develop an early warning system
for contaminant management and containment.

MOLECULAR MICROBIAL ECOLOGY (MME)

Understanding microbial interactions is key to the study of
global warming, biodegradation of harmful compounds, and the
exploration of complex microbial communities in their natural
environment. The DOE has placed an increased emphasis on the
role microbes play in modifying their environment and their
impact on energy security. The MME group has responded to
these needs by aggressively seeking out new projects and
expanding its staff to develop new core capabilities. One of the
key challenges has been to harness the explosion of microbial
DNA sequence information to accurately measure the microbial
dynamics in extreme environments. Since less than one percent
of the microbial species can be cultured from these environ-
ments, our knowledge of what these organisms may be doing is
limited to where they are observed and the similarity of their
genomes to studied organisms. By understanding the ecological
structure of microbial communities and the fine-scale dynamics
resulting from subtle perturbations, it may be possible to identi-
fy novel functional pathways and use the diverse microbial
capabilities to assist in key DOE missions. The molecular tools
being developed in the ESD’s Center for Environmental
Biotechnology will position us to be leaders in this area.

13
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REAL-TIME ASSESSMENT OF BIOAVAILABILITY
AND BIOKINETICS (RABB)

Interactions between environmental pollutants and ecolog-
ical receptors begin when the pollutants become available to
the target sites of a live ecological receptor. The ability to char-
acterize the dynamics of the bioavailability of pollutants, their
transformation kinetics, and the subsequent ecological
response is a keystone to advancing the science in relevant
DOE areas, including biogeochemistry, bioremediation, and
exposure and risk assessment. Since 1999, the RABB research
group at MEEED has pioneered the development and applica-
tion of several cutting-edge technologies, such as synchrotron
radiation-based spectromicroscopy, in vitro human gastroin-
testinal mimetic reactors, and in vivo mouse protocols that
allow for the real-time assessment of bioavailability and bioki-
netics of environmental pollutants. The RABB group intends
to establish this capability further by seeking out new projects
and new collaborators, as well as expanding our staff, to posi-
tion us as leaders in the areas of biological and environmental
sciences.

BIOREMEDIATION AND
NATURAL ATTENUATION

Bioremediation and natural attenuation have been rapidly
growing areas of science over the past decade. The acceptance of
natural attenuation as a solution for cleaning up contaminated
sites, and DOE'’s recognition that they will have long-term stew-
ardship issues that they must address at the most contaminated
sites, have greatly increased the urgency for basic and applied
research related to microbial ecology and biogeochemistry. This
type of research is truly enabling for natural attenuation, since
characterization, predictions, and verification monitoring re-
quire a strong scientific basis. Natural attenuation is viewed as
the best solution for cleaning up many waste sites and will save
billions of dollars in cleanup costs.

MEEED scientists and engineers are recognized leaders in
the field of bioremediation and natural attenuation. The
Center for Environmental Biotechnology provides the primary
facilities used by MEEED, including state-of-the-art equip-
ment for microbiology and environmental engineering.
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MEEED investigators have extensive experience in both water
treatment and bioremediation, especially co-metabolic bio-
degradation and the treatment of inhibitory compounds. In
addition to basic research, MEEED investigators have been
involved in various aspects of more than 60 field demonstra-
tions and deployments, and have five patents in this area that
are licensed to more than 30 companies. The types of contam-
inants in which MEEED investigators have expertise include
chlorinated solvents, petroleum hydrocarbons, polynuclear
aromatic hydrocarbons, ketones, methyl tert-butyl ether
(MTBE), TNT, inorganic nitrogen (NO3, NHy), tritium, pluto-
nium, neptunium, chromium, and uranium. The Biore-
mediation and Natural Attenuation area has both basic
research and field application foci for the MEEED. The basic
research foci are co-metabolism, biotreatability, biotransforma-
tion kinetics, and modeling of biogeochemical processes.
Field-application foci are co-metabolic techniques, biogeo-
chemical assessment techniques, and modeling of attenuation
and environmental fate.

FUNDING

MEEED personnel are funded by DOE programs in (1) the
Office of Science, Office of Biological and Environmental
Research (OBER) (Natural and Accelerated Bioremediation
Research Program); (2) the Office of Environmental
Management, Offices of Science and Technology and
Environmental Restoration Program; (3) the Office of Fossil
Research, the Petroleum Environmental Research Forum; and
(4) the National Nuclear Security Administration, Office of
Nonproliferation Research and Engineering (NN20). In addi-
tion, support is provided by the U.S. Department of Homeland
Security, the Department of Agriculture; the Department of the
Interior, Bureau of Land Management, and Bureau of
Reclamation under the CALFED program, for bioreactor treat-
ment of groundwater containing MTBE obtained from a reme-
diation company, as well as several projects with remediation
companies using DOE-patented technologies for in situ biore-
mediation. MEEED personnel are also funded by Berkeley
Lab’s Laboratory Directed Research and Development (LDRD)
Program in the area of aerobic bioreactor studies of landfills.
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The Fundamental and Exploratory Research Program (FERP)
covers fundamental earth sciences research conducted in sup-
port of the Department of Energy’s science mission. This mission
includes research in the natural sciences to provide a basis for
new and improved energy technologies and for understanding
and mitigating the environmental impacts of energy develop-
ment and use. FERP also includes exploratory research in impor-
tant new energy and environmental topics conducted under the
Laboratory Directed Research and Development (LDRD) pro-
gram. The scientific insights and breakthroughs achieved in
FERP often become the underpinnings for projects that support
DOE’s applied research and development program offices.

Over the years, the basic earth sciences research program at
Berkeley Lab has focused on three broad earth sciences problems:

1. Fundamental studies of chemical and mass transport in

geologic media, with special reference to predictive mod-
eling of multiphase, multicomponent, nonisothermal fluid
flow in saturated and unsaturated fractured rocks

2. The development of new isotopic techniques for under-

standing the nature of a broad range of global processes—
from the relatively short-term effects of natural fluid
migration in the crust to longer-term (i.e., 10-20 thousand
years) global climate variations

Vil il B
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FUNDAMENTAL AND
EXPLORATORY RESEARCH

Ernest L. Majer

510/486-6709
elmajer@lbl.gov

3. Fundamental studies in the propagation of seismic/acoustic
and broadband electromagnetic waves through geologic
media, with emphasis on new computational techniques for
high-resolution imaging of near-surface and crustal struc-
tures (such as possible fracture flow paths) and for inferring
the types of fluids present in pores and fractures

Results from these research endeavors have had a major

impact on applied energy, carbon management/ climate change,
environmental, and radioactive waste management programs.
Current researh projects are briefly described here.

CHEMICAL AND MASS TRANSPORT
INVESTIGATIONS

Current research in this area is focused on colloid transport
in unsaturated porous media and rock fractures, chemical trans-
port in structured porous media, unsaturated fast flow in frac-
tured rock, and production and evaluation of coupled processes
for CO, in aquifers. Our recent colloid research has been focused
on quantifying the partitioning of surface-active colloids at the
air-water interfaces. Much effort has been devoted to character-
izing surface accumulations of colloids. We have recently devel-
oped a simple dynamic method to quantify colloid-surface
excesses at air-water interfaces without requiring assumptions
concerning the thickness of interfacial regions.

The studies of chemical transport in structured porous
media have focused on Cr(VI) diffusion and reduction to
Cr(Ill) within natural soil aggregates, to test the validity of our
previously reported results from synthetic soil aggregates.
Experiments were conducted on intact aggregates of Altamont
clay. Work on unsaturated fast flow in fractured rock concerns
water films on fracture surfaces under near-zero (negative)
matric potentials and examines the possibility of fast, unsatu-
rated flow under “tension.” We showed that at matric poten-
tials greater than that needed to saturate the rock matrix, trans-
missive water films can develop on fracture surfaces.
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In the work on prediction and evaluation of coupled
processes for CO, disposal in aquifers, the accuracy of pub-
lished data and correlations for thermophysical properties of
CO, (density, viscosity, enthalpy) is being evaluated for the
range of pressure and temperature conditions of interest in
aquifer disposal. Suitable correlations were implemented in our
multipurpose simulator TOUGH?2. Pre-existing models for CO,
dissolution in aqueous fluids were enhanced by incorporating
salinity and fugacity effects. Special techniques were developed
for describing the movement of sharp CO,-water interfaces dur-
ing immiscible displacement of saline brines by CO,.

ISOTOPE GEOCHEMISTRY

The Center for Isotope Geochemistry (CIG) is a state-of-
the-art analytical facility established in 1988 to measure the
concentrations and isotopic compositions of elements in rocks,
minerals, and fluids in the earth’s crust, atmosphere, and
oceans. Fundamental research conducted at this center is
directed at finding new ways to use isotopic information to
study earth processes, such as long-term climate changes, and
at predicting the chemical transport of mantle-derived or deep
crustal fluids as they move through the crust.

One of the major problems being studied at CIG is how to
estimate fluid-solid reaction rates in natural-groundwater high-
er-temperature geothermal conditions, particularly as these rates
affect mineral dissolution and secondary mineral precipitation.
ESD researchers are developing novel ways of estimating reac-
tion rates by using isotopic tracers (primarily strontium, but also
uranium and neodymium) to determine solid-fluid exchange
rates in various natural situations. Scientists are able to derive
the “reaction length,” a parameter that depends on the ratio of
isotope transport by diffusion and advection to the reaction rate.
The ultimate objective is to understand the microscopic (as well
as pore-scale and mesoscale) characteristics of natural systems
that have been characterized in terms of "field scale" reaction-
rate measures. An intermediate goal is to establish empirically
the natural range of fluid-solid reaction rates.

ADVANCED COMPUTATION
FOR EARTH IMAGING

The Center for Computational Seismology (CCS) was creat-
ed in 1983 as the Berkeley Lab and UC Berkeley nucleus for seis-
mic research related to data processing, advanced imaging, and
visualization. In recent years, a great deal of cross-fertilization
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between seismologists and other geophysicists and hydrogeolo-
gists has developed within the division, resulting in collabora-
tions on a wide variety of fundamental imaging problems. A pri-
mary thrust in this research has been to jointly develop seis-
mic and electrical methods for understanding fluid flow and
p roperties within the subsurface. In addition, fundamental
studies on improved inversion and modeling of complex
media in 3D are being carried out to analyze such effects as
matrix heterogeneity fluid flow and anisotropy. Applications
range from small-scale environmental problems to oil and
gas reservoirs.

ROCK PHYSICS

A variety of rock and soil science experiments are being con-
ducted through ESD’s Geoscience Measurements Facility, which
supports both field and laboratory work. In one new laboratory
project, researchers are studying the compaction and fracturing
of weakly cemented granular rocks. This study examines the
effect of micromechanical properties of weak granular rock on
macroscopic properties such as load-displacement response,
ultimate strength, and failure mode. In a second study, a funda-
mental investigation of scattering and intrinsic attenuation of
seismic waves in rock with heterogeneous distributions of fluids
and gas is being conducted. This research represents a departure
from past rock-physics studies on seismic attenuation, in that the
emphasis here is not a detailed study of a specific attenuation
mechanism, but rather to investigate theoretical and laboratory
methods for obtaining separate estimates of scattering and
intrinsic attenuation in rock with heterogeneous pore-fluid dis-
tributions.

FUNDING

Funding for research in the Fundamental and Exploratory
Research Program comes from a variety of sources. These
include (primarily) the U.S. Department of Energy, through
the Director, Office of Science, Office of Basic Energy Sciences,
Division of Chemical Sciences, Geosciences, and Biosciences;
the Office of Biological and Environmental Research; the
Assistant Secretary for Fossil Energy, Office of Natural Gas
and Petroleum Technology, National Petroleum Technology
Office, Natural Gas and Oil Technology Partnership; and the
Office of Environmental Management Science Program.
Funding is also provided by the Laboratory Directed Research
and Development Program (LDRD) at Berkeley Lab.
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U-TH/HE AGE DETERMINATIONS ON VOLCANIC Rocks: A NEw TOOL FOR
QUATERNARY GEOCHRONOLOGY
Sarah M. Aciego, B. Mack Kennedy, John N. Christensen, Donald J. DePaolo, and Ian Hutcheon!

'Lawrence Livermore National Laboratory
Contact: Sarah M. Aciego, 510/486-4975, smaciego@Ibl.gov

RESEARCH OBJECTIVES

Determining the age or time scale of events that have
occurred within the past million years is still a challenge to
geoscientists and an invaluable tool in evaluating hazards on
the time scale of human life. Both radiocarbon and argon-
argon (Ar-Ar) dating can be restricted due to a lack of appro-
priate phases or materials associated with the event. The ura-
nium-thorium /helium (U-Th/He) system, which has been
used successfully for thermochronology on zircon and apatite,
has potential for dating young volcanic rocks. Our goal is to
investigate the viability of applying the U-Th/He dating
method to late Quaternary volcanic rocks containing relative-
ly common minerals, such as garnet and olivine, that are not
viable for Ar-Ar and radiocarbon dating.

APPROACH

The U-Th/He dating method is based on the radiogenic
production of 4He from the alpha decay of U and Th. An age
is calculated for the accumulated 4He/U-Th ratio measured in
the sample. The accuracy of the age can be compromised by
the high mobility of helium in most minerals, gain or loss of
4He by alpha recoil, and isotopic disequilibrium in the U-Th-
Pb decay chains. Therefore, to evaluate the viability of the
method, we conducted a study of garnet phenocrysts from the
79 A.D. eruption of Vesuvius collected at the Villa of Poppea in
Pompeii.

ACCOMPLISHMENTS

To thoroughly test the validity of this method for dating
young samples, we had to address several issues: diffusive
loss, trapped helium, loss or gain of 4He from alpha recoil, and
changing production of 4He because of isotopic disequilibrium
in the U and Th decay chains. Crushing and step-heating
experiments were done to determine the amount of helium
trapped and lost by diffusion. The distribution of U and Th
was determined by ion microprobe techniques, and then
applied to a simple model to determine loss and gain of heli-
um by alpha recoil. Measurement of the isotopic ratios within
the U-Th-Pb decay chains allowed us to correct the calculated
age for radioactive equilibrium. Given these considerations,
the resultant age of 1,866 + 243 years indicates that the U-
Th/He method is applicable to dating Holocene volcanic sam-
ples with accuracy and precision of + 13% on samples with 20
ppm U.
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SIGNIFICANCE OF FINDINGS

The calculated age of the Vesuvius lava validates the U-
Th/He method for the dating of young volcanic systems. The
age of the Vesuvius samples is extremely small compared to
the 1.8 million year age range covered by the Quaternary
epoch. Older samples should contain much larger amounts of
radiogenic helium for the same amount of U and Th or similar
amounts of helium for smaller concentrations of U and Th.
The method can now be applied to a range of young lavas that
contain fewer mineral phases and were previously not datable
using existing Ar-Ar and radiocarbon techniques.

RELATED PUBLICATION

Aciego, S.M., B.M. Kennedy, D.J. DePaolo, ].N. Christensen, and
L. Hutcheon, U-Th/He age of phenocrystic garnet from the
79 AD. eruption of Mt. Vesuvius. Earth and Planetary
Science Letters, 2003 (in press).

Renne, PR, et al,, Ar-40/ Ar-39 dating into the historical realm,
Calibration against Pliny the Younger. Science, 277, 1279-
1280, 1997.

ACKNOWLEDGMENTS

This research was supported by the Director, Office of
Science, Office of Basic Energy Sciences, Division of Chemical
Sciences, Geosciences, and Biosciences, of the U.S. Department of
Energy under Contract No. DE-AC03-76SF00098. We would like
to thank Paul Renne for providing the Vesuvius pumice sample.

Figure 1. Etching of 79 A.D. eruption of Mount Vesuvius as
viewed from the sea. Inset is comparison of ages calculated using
Ar-Ar dating (Renne et al., 1997) and U-Th/He dating with age
determined by observations of Pliny the Younger.
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KINETIC FRACTIONATION OF LITHIUM ISOTOPES BY DIFFUSION IN WATER

John N. Christensen, Frank Richter!, and Ruslan Mendybaev1
'Department of Geophysical Sciences, University of Chicago
Contact: John N. Christensen, 510/486-6735, jnchristensen@lbl.gov

RESEARCH OBJECTIVES

The mass-dependent fractionation of stable isotopes can
occur during a number of physical processes, only some of
which are well understood theoretically and well investigated
experimentally. In particular, the kinetic fractionation of iso-
topes during diffusion, though understood for gaseous sys-
tems, is not well characterized and understood for condensed
systems such as liquid water or silicate melts. In the simple
case of diffusion of a monatomic gaseous species in an isother-
mal gas, the ratio of the diffusivities for two isotopes of an ele-
ment is proportional to the square root of the inverse ratio of
the isotope masses. This arises from the equivalence in kinetic
energy for molecules in an isothermal gas. In condensed sys-
tems such as silicate melts, this simple relationship does not
appear to hold. We undertook experiments in aqueous solu-
tions to better understand the phenomenon of kinetic fraction-
ation during diffusion. Results could provide a signature for
diffusion in geochemical systems, as well as add to fundamen-
tal understanding of the structure and behavior of ion com-
plexes in aqueous solutions.
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Figure 1. Plot of F, the fraction of Li remaining in the flask, vs. 7Li,
a measure of the Li isotopic composition. Large black squares =
data for flasks, blue triangles = data for containers. Model curves
are shown for different hydration numbers (# of waters in the
hydration sphere) and exponential factors (=f). The inset shows
the experimental setup, a flask of Li solution immersed and com-
municating with a larger volume of pure water.

APPROACH

The experimental setup consists of a 0.7 mL glass flask
immersed in a larger (~300x) volume container (see inset,
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Figure 1). The flask is filled with a solution of the element of
interest and communicates with the larger container via a thin
tube. The experiments reported here used a ~700 ppm lithium
chloride (LiCl) solution in the flask and high purity water in
the surrounding container. Pairs of flasks and containers were
set up and allowed to exchange for periods ranging from 31
days to 99 days. At the end of an experiment, we measured the
concentrations of Li remaining in the flask and built up in the
container. Lithium isotopic compositions (7Li/6Li ratios) were
measured by multiple-collector ICP mass spectrometry (MC-
ICPMS).

ACCOMPLISHMENTS

The results of nine experimental runs with durations rang-
ing from 31 to 99 days are displayed in Figure 1, where F, the
fraction of the original Li remaining in the bulb, is plotted
against 87Li, a measure of Li isotopic composition. The longest
duration experiment left only 1.5% of the original amount of Li
in the flask, the balance having diffused into the container vol-
ume. As F decreases and Li diffuses from the flask, the isotopic
composition of the Li in the flask is fractionated, with more of
the heavier 7Li left in the flask than the lighter 6Li. This
demonstrates that kinetic fractionation of Li isotopes does
occut, in contrast to similar experiments involving magnesium
that failed to resolve a fractionation effect.

SIGNIFICANCE OF FINDINGS

Though fractionation was observed, it was not as great as
would be predicted by the theory for gaseous diffusion. A por-
tion of the discrepancy may result from Li* diffusing as a
hydrated complex, diluting the ¢Li-’Li mass difference.
Models and observations suggest that a sphere of four to six
water molecules surrounds Li* ions. But for an exponent of
0.5, as for a gas, it would require a sphere of 11 waters, an
improbable number. If the hydration sphere consists of four
waters, then an exponential factor of ~0.2 reproduces the data.
This may reflect the inelastic nature of interactions between
water molecules and the Li* hydrated complex. Further exper-
iments are being conducted to better understand and inde-
pendently constrain the exponential factor and the hydration
number.

ACKNOWLEDGMENTS
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FiLM FLOW ALONG TUNNEL WALLS
Teamrat A. Ghezzehei and Stefan Finsterle
Contact: Teamrat A. Ghezzehei, 510/486-5688, taghezzehei@lbl.gov

RESEARCH OBJECTIVES

Dripping of liquid water into tunnels or caves affects natu-
ral processes (such as formation of speleothems) and is impor-
tant to engineering applications (such as mining and geologic
disposal of nuclear wastes). Current computer models of these
processes assume that liquid water drips immediately after
entering the tunnel. In contrast, recent field observations
showed that film flow and wetting of tunnel walls result in a
temporal and spatial lag between liquid emergence and subse-
quent dripping. The objective of this research is to assess the
impact on seepage of film flow along rough tunnel walls and
provide a framework for realistic modeling of seepage and
evaporation.

APPROACH

In this research, conceptual models are developed by capi-
talizing on recent advances in our understanding and model-
ing of (1) unsaturated flow near and around tunnels, (2) char-
acterization of unsaturated flow on rough surfaces, and (3)
dripping from pendant rivulets. To provide better insight into
these hitherto poorly understood phenomena, the research
favors analytical models that use simplified geometries and
flow conditions.

ACCOMPLISHMENTS

The conceptual model developed thus far is schematical-
ly described in Figure 1. Liquid water enters subsurface tun-
nels at regions where the near-ceiling pores or fractures are
fully saturated. Subsequently, the rough tunnel walls inter-
cept the liquid, and film flow occurs, mediated by the capil -
lary roughness which is generally on the order of one millime-
ter. Flow along the unsaturated wall is driven by capillary
and gravitational gradients, as described by the Buckingham-
Darcy law. In the unsaturated portions of the tunnel wall, re l-
atively strong capillary adhesion prevents dripping.
Dripping occurs at any location on the ceiling where suffi-
cient positive pressures develop with aerial extent equivalent
to the base area of a pendant drop. To facilitate derivation of
an analytical solution, we developed a one-dimensional
steady-state model for a cylindrical tunnel, as shown in the
right panel of Figure 1.
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SIGNIFICANCE OF FINDINGS

Typical capillary pressure (y) profiles for several tunnel
sizes are shown in Figure 1. Generally, the wetness of the crown
region increases with tunnel size because of reduced gravita-
tional forces that are insufficient to drive the liquid away.
Consequently, larger tunnels are more prone to dripping. The
variable wetness of tunnel walls can be used for physically
based estimation of evaporation losses into the tunnel air.

RELATED PUBLICATION

Ghezzehei, T.A., and S. Finsterle, Film flow on tunnel walls
and its role in decreasing seepage. Vadose Zone Journal,
2003 (submitted).

ACKNOWLEDGMENTS
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Geosciences, and Biosciences, of the U.S. Department of
Energy under Contract No. DE-ACO03-76SF00098.
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Figure 1. Schematic diagram of film flow along a cylindrical
tunnel wall. The cross section depicts liquid entry at the crown
and film flow mediated by capillary roughness. The right panel
shows the one-dimensional model of film flow along the tunnel
wall and typical capillary pressure profiles for several tunnel
sizes.
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AIR-DERIVED NOBLE GASES IN SEDIMENTS:
IMPLICATIONS FOR BASIN-SCALE HYDROGEOLOGY
B. Mack Kennedy, Tom Torgersen’!, and Matthijs C. van Soest

'Department of Marine Sciences, University of Connecticut
Contact: B. Mack Kennedy, 510/486-6451, bmkennedy@lbl.gov

RESEARCH OBJECTIVES

The goal of this project is to isolate and identify the various
air-derived noble gas components in sediments, particularly
(but not exclusively) those sediments associated with hydro-
carbon systems. This project is designed to address how noble
gas elemental patterns are acquired and retained in rocks and
minerals and how they are transferred to the fluid phases in
which they have been measured.

APPROACH

Laboratory and theoretical studies are carried out to (1)
identify and isolate the carrier phases of the various air-derived
noble gas components in sedimentary rocks and minerals, (2)
investigate the process(es) responsible for acquisition and sub-
sequent trapping of the components in their sedimentary carri-
er phases, and (3) evaluate the mechanisms that release these
noble gas components to the ambient hydrological system

Figure 1: (a) Cartoons depicting the diffusive flow of noble
gases through an angstrom-scale half-space (carbon nanotube)
and a system of labyrinths and constrictions; (b) relative enrich-
ment/depletion of noble gases as a function of time and effec-
tive diffusivities (Kd) and throat constriction diameters (th).
The F(Ne,Xe) values are the abundances of Ne and Xe with
respect to Ar, normalized to the Ne,Xe/ Ar ratios in air.
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under temperatures and pressures encountered in natural
basin processes.

ACCOMPLISHMENTS

We have examined adsorption and diffusion-controlled
fractionation of noble gases as an explanation for the absolute
and relative abundances observed in sedimentary rocks. The
model uses diffusive filling and emptying of (1) angstrom-
scale half spaces and (2) a system of labyrinths-with-constric-
tions on the order of the diffusing species’ atomic diameter
(Figure 1a). Since physical properties of the noble gases are
strong functions of atomic mass, the individual diffusion coef-
ficients, adsorption coefficients, and atomic diameters com-
bine to enhance the transport of neon (Ne) while impeding
xenon (Xe) (Figure 1b).

SIGNIFICANCE OF FINDINGS

The model results compare favorably with literature data
for noble gas concentrations and relative abundances in terres-
trial rocks. It is generally assumed that the source for all
atmospheric noble gases in subsurface fluids is air-saturated
water. Evidence for water-derived noble gases in hydrocarbon
systems is extensive and provides strong support that water
plays an important role in hydrocarbon systems. However,
excesses of atmospheric xenon and neon recently identified in
hydrocarbon systems may be derived from the source and
reservoir rocks associated with the system (Torgersen and
Kennedy, 1999; Kennedy et al., 2002). If so, future noble gas
studies of fluid sources and flow will have to consider sedi-
ments as potential sources for atmospheric noble gases, which
up till now have been mostly ignored.

RELATED PUBLICATIONS

Torgersen, T, and B.M. Kennedy., Air-Xe enrichments in Elk
Hills oil field gases: Role of water in migration and storage.
Earth Planet. Sci. Lett., 167, 239-253, 1999.

Kennedy, B.M., T. Torgersen, and M.C. van Soest, Multiple
atmospheric noble gas components in hydrocarbon reser-
voirs: A study of the Northwest Shelf, Delaware Basin, SE
New Mexico. Geochim Cosmochim Acta., 66, 2807-2822,
2002.
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NOBLE GAS ISOTOPE STUDIES OF GEOTHERMAL SYSTEMS
B. Mack Kennedy and Matthijs C. van Soest
Contact: B. Mack Kennedy, 510/486-6451, bmkennedy@lbl.gov

RESEARCH OBJECTIVES

This project develops isotope tracers for identifying fluid
and heat sources and studying fluid processes in geothermal
systems. Recently, we have concentrated on identifying geo-
chemical and /or isotopic signals that can be used to locate
geothermal systems in regions lacking recent volcanic activity
and surface manifestations of deep hot fluids.

APPROACH

Fluids within the earth’s crust contain noble gases (helium
[He], neon [Ne], argon [Ar], krypton [Kr], and xenon [Xe]) from
a variety of sources, each characterized by a unique composi-
tion, and therefore contributions from different sources can be
easily identified. For instance, geothermal fluids that acquire
heat from active magma systems are strongly enriched in 3He,
with 3He/4He ratios up to 9 times the ratio in air (R/Ra ~ 9);
those that acquire heat from the natural thermal gradient are
depleted in 3He (R/Ra ~ 0.02). This vast difference provides a
sensitive quantitative measure of fluid and heat source driving
a geothermal system and fluid mixing within the system.

ACCOMPLISHMENTS

The Dixie Valley Geothermal Field, Nevada, is considered a
classic nonmagmatic geothermal system that acquires heat by
deep fluid circulation. Similar systems occur throughout the
Basin and Range Province of northern Nevada. Fluids sampled
throughout Dixie Valley (Figure 1a) have a range in helium iso-
topic compositions (~0.3-0.8 Ra). The highest values (0.7-0.8
Ra), found in fluids produced from the Dixie Valley Geothermal
Field, suggest that the natural thermal gradient provides
~85-90% of the reservoir heat. Co-variations between He iso-
topic composition and abundances (Figure 1b) require mixing of
two fluids, and also require that all of the sampled features
(except Well 66-21) contain a fluid component indistinguishable
from that produced from the geothermal field.

SIGNIFICANCE OF FINDINGS

The observation of a common deep fluid throughout Dixie
Valley suggests the presence of a larger exploitable geothermal
resource than presently under production. This study also
demonstrates the utility of noble gas isotopes for finding and

evaluating the extent of hidden geothermal
systems.

e & | | RELATED PUBLICATIONS

Kennedy, B.M., M.C. van Soest, and S. Johnson,
Helium isotopes in Dixie Valley wells,
springs, and fumaroles: Heat and fluid
sources; regional trends. Geothermics, 2003

| (submitted).

(w1 Kennedy, B.M., T.P. Fischer, and D.L. Shuster,

“01 Heat and helium in geothermal systems.

Proceedings, 25th Workshop on Geothermal

Figure la: Map showing the location of
Dixie Valley wells, springs, fumaroles, and
the Dixie Valley Geothermal Field. Features
identified by letters (see Legend) were sam-
pled for noble gas isotope analyses.

Figure 1b: Helium isotopic compositions
(R/Ra) for the Dixie Valley samples are
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plotted as a function of the 4He/36Ar ratio
(normalized to the ratio in air). The F(4He)
values reflect the degree of helium enrichment
relative to that expected for young meteoric
waters [F(4He)~ 0.2]. The composition of Dixie
Valley geothermal production wells plot with-
in the ellipse. The dotted line emanating from
the ellipse portrays the trajectory expected for
either boiling (e.g., Senator’s Toe and
Fumarole) or air contamination (SE Fumarole).
The dashed line depicts two fluids mixing.
Numbers in parentheses are calculated chemi-
cal geothermometer temperatures.

Reservoir Engineering, Stanford Geothermal
Program Report SGP-TR-165, pp. 167-173,
2000.
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SYNTHESIS, CHARACTERIZATION, AND REACTIVITY OF
NANOPARTICULATE GOETHITE
Christopher S. Kim, Jill E Banfield, and Glenn A. Waychunas
Contact: Christopher S. Kim, 510/486-7709, cskim@Ibl.gov

RESEARCH OBJECTIVES

Nanoparticles feature high surface areas, a tendency to
remain in suspension, and differences in their chemical/ phys-
ical properties relative to bulk phases. As a result, the reactivi-
ty of nanoparticles to metal contaminants (e.g., As, Cu, Hg, Zn)
may be greatly enhanced in inverse proportion to their size.
The objectives of this research are to study the formation,
growth, and reactivity of nanoparticulate goethite (a-FeOOH),
one of the most common mineral phases in the environment
and one of the most reactive in terms of metal-contaminant
uptake.

APPROACH

Our approach involves the synthesis and characterization
of nanoparticulate goethite over a range of sizes (from 10 to
100 nm). Studies of goethite nanoparticle growth over time are
then paired with metal uptake studies and analysis of metal
speciation at the mineral-water interface to understand any
changes in reactivity as a function of size. Transmission elec-
tron microscopy (TEM), surface area analysis, x-ray diffraction
(XRD), and dynamic light scattering (DLS) are used to charac-
terize the differently sized batches of nanoscale goethite and
determine their size, morphology, surface area, and size distri-
bution. The growth and structure of the nanoparticles are
investigated through small- and wide-angle x-ray scattering
(SAXS/WAXS) spectroscopy, while metal uptake is studied
using batch sorption experiments paired with inductively cou-
pled plasma-atomic emission spectrometry (ICP-AES) and
extended x-ray absorption fine structure (EXAFS) spec-
troscopy.

ACCOMPLISHMENTS

We have synthesized goethite over a range of 10-80 nm in
diameter (surface areas >250 m2/g), using a microwave
annealing process and aging at 90°C. The size distribution of
the nanogoethite has been characterized with DLS and TEM.
Analyzing aged samples with DLS shows that the nano-
goethite exhibits two stages of growth (Figure 1): relatively
rapid growth from 0 to 4 days (10-58 nm) and much slower
growth from 4 to 33 days (58-78 nm). This may represent ini-
tial evidence of (oriented) aggregation as a mechanism for
nanoparticle growth, in agreement with recent studies indicat-
ing that growth through aggregation dominates over growth
from solution. This distinction is important in predicting the
eventual fate/sequestration of metals that may sorb to
nanoparticles during their growth.

The SAXS/WAXS spectroscopy work has focused on the in
situ growth of nanoparticulate goethite suspensions at 90°C.
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Batch uptake experiments and corresponding EXAFS analysis
have shown differences in the mode of metal speciation
between 10 nm and 73 nm batches of goethite, indicating that
there is a particle-size dependency on the method of metal
sorption, perhaps caused by varying densities or proportions
of sorption sites as a function of size.

SIGNIFICANCE OF FINDINGS

This work has important, fundamental implications for our
understanding of how the properties of nanoscale materials,
including reactivity to metals, may deviate with decreasing
particle size. In addition, this research has potential applica-
tions in remediation of abandoned mines or industrially pol-
luted regions, where high-surface-area, hypersorbent phases
such as nanoparticulate goethite may assist in the cleanup of
heavy metals.

.F\.-';:'.-'" Tire (daysh

Figure 1. Dynamic light scattering (DLS) measurements track-
ing the growth of goethite nanoparticles as a function of aging
time at 90°C.

RELATED PUBLICATION

Waychunas, G.A., Structure, aggregation, and characterization
of nanoparticles. In Nanoparticles and the Environment
(J.F. Banfield and A. Navrotsky, editors), Mineralogical
Society of America, 2001.
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FAuLT ZONE IMAGING USING GUIDED WAVES
Valeri Korneev and Robert Nadeau
Contact: Valeri Korneev, 510/486-7214, vakorneev@lbl.gov

RESEARCH OBJECTIVES

The main goal of this project is to develop new seismic
image processing technologies. These technologies will
improve the quality and resolution of seismic images for com-
plex media, as well as increase our knowledge of the physical
processes in rocks.

APPROACH

A significant part of the project involves furthering our
understanding of seismic wave propagation in an active fault
zone. Our method involves attributing specific features of
recorded seismic waves to the structural and physical proper-
ties of the fault, which allow extraction of more detailed infor-
mation from the data. Analysis and interpretation of the data
enable extensive numerical modeling of seismic wave propa-
gation in the fault zones. We use microearthquake data from
Parkfield, California (located on the San Andreas fault) to
apply the new forward modeling techniques we have devel-
oped for use on a crustal scale. These techniques are comple-
mented by an innovative guided-wave tomography inversion
scheme to obtain high-resolution images of the fault zone core.

Numerical modeling and a number of field observations
have indicated the usefulness of propagating fault zone guid-
ed waves (FZGW) at Parkfield, which has a 20 to 40% low-
velocity fault zone 100 to 200 m wide.

ACCOMPLISHMENTS

Using amplitude guided-wave tomographic inversion, we
obtained a unique image (Figure 1) of the inner structure of the
San Andreas fault zone, with resolution exceeding travel-time
P- and S- wave tomography by a factor of ten. The results
show clearly that FZGW are most effectively generated within
a well-defined region of the fault zone. This region plunges to
the northwest through an area of extremely high seismicity,
separating locked and slipping sections of the fault (as deter-
mined from both geodesy and microearthquake recurrence
rates). We interpret this localized region of FZGW generation
to be the northwest edge of the M6 asperity at Parkfield, the
low attenuation most likely resulting from dewatering by frac-
ture closure and/or fault-normal compression. Changes in
fracture orientation, caused by a complex stress field in the
boundary of creeping and locked zones of the fault, are also
likely causes of the low attenuation.
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SIGNIFICANCE OF FINDINGS

The obtained images indicate a high connectivity between
various spatially dependent parameters (such as slip rate,
stress change, and wave propagation velocities), which sug-
gests their common origin. This study also shows that FZGW
can be used for amplitude tomographic inversion, giving high-
resolution, robust images of the narrow low-velocity layers
(faults). FZGW-generated images contain several significant
features of the fault zone—the region of shallow velocity
change in the Vibroseis monitoring, high seismicity, the largest
earthquakes and associated high slip rate, the 1966 M6
hypocenter, and the transition from locked to creeping behav-
ior. These results, and specifically the content and quality of
the produced images, reinforce the importance of guided
waves for fault zone studies.

RELATED PUBLICATION

Korneev, V.A,, RM. Nadeau, and T.V. McEvilly, Seismological
studies at Parkfield IX: Fault zone imaging using guided
wave attenuation. Bulletin of Seismological Society of
America, 2003 (in press).
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Figure 1. In-fault attenuation-coefficient image of the FZGW
tomographic reconstruction, showing the northwest-plunging
region of inferred strong fault zone guided-wave generation, Vs
contours, 1987-1998 seismicity (small red stars for M>4 events),
and the 1966 M6 hypocenter
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JOINT INVERSION FOR MAPPING SUBSURFACE HYDROLOGICAL PARAMETERS
Ki Ha Lee and Hung-Wen Tseng
Contact: Ki Ha Lee, 510/486-7468, khlee@lbl.gov

RESEARCH OBJECTIVES

One of the main objectives of geophysical inversion is to
describe various subsurface processes involving fluid flow.
Hydrological properties such as fluid electrical conductivity
and rock porosity cannot be directly obtained with conven-
tional inversion techniques. The electromagnetic (EM) field
propagating in the subsurface is a function of bulk conductiv-
ity, which in turn may be empirically related to porosity, pore-
fluid conductivity, saturation, and occasionally the tempera-
ture. Similarly, the amplitude, phase, and velocity of seismic
waves depend on several factors (such as porosity, density,
elastic constants, temperature, and pressure). The objective of
this study was to develop methodologies for directly mapping
hydrological parameters using joint analysis of different geo-
physical data, along with the empirical relationships between
geophysical and hydrological parameters.

APPROACH

To assess the feasibility of deriving hydrological properties
directly, we introduced a joint-inversion technique using elec-
tromagnetic (EM) and seismic travel-time data (Tseng and Lee,
2001). Because of the limited capability inherent to the inver-
sion techniques used, we decided to investigate advanced
inversion schemes for the improved joint inversion. Most of
the EM inversion studies in the literature involve full wave-
form, but there is a lack of similar studies in the seismic area.
Full-waveform inversion of seismic data is difficult, partly
because of the lack of precise knowledge about the source.
Since currently available approaches involve some form of
source approximation, inversion results are subject to the qual-
ity and choice of the source information used.

ACCOMPLISHMENTS

A new full-waveform inversion scheme has been developed
in this research program, exploiting the useful property of the
normalized wavefield. A gather of seismic traces was first
Fourier-transformed into the frequency domain, and a normal-
ized wavefield was obtained for each trace in the frequency
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domain. Normalization was done with respect to the frequency
response of a reference trace selected from the gather. The
source spectrum was eliminated during the normalization pro-
cedure. With its source spectrum eliminated, the normalized
wavefield allowed us to construct an inversion algorithm with-
out the source information. The inversion algorithm minimized
misfits between the measured normalized wavefield and the
numerically computed normalized wavefield.

The validity of the scheme has been successfully demon-
strated using a simple 2-D synthetic model (Lee and Kim,
2003).

SIGNIFICANCE OF FINDINGS

Normalized wavefields depend, for a given source, only on
the subsurface model and the position of the source, and are
independent of the source spectrum by construction. The sig-
nificance of this is that full-waveform inversion of seismic data
can be achieved without the source information. With the new
method, potential inversion errors caused by source estima-
tion (required by conventional full-waveform inversion meth-
ods) can be eliminated.

RELATED PUBLICATIONS

Lee, K.H., and H.]J. Kim, Source-independent full waveform
inversion of seismic data. Geophysics (in press), published
electronically on May 20, 2003; Berkeley Lab Report LBNL-
49934.

Tseng, H.-W., and K.H. Lee, Joint inversion for mapping sub-
surface hydrological parameters. Expanded Abstracts, SEG
International Exposition and 70th Annual Meeting, San
Antonio, Texas, pp. 1341-1344, September 9-14, 2001.
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UsE OF 234U/238U RATIOS TO MEASURE IN SiTu WEATHERING RATES IN THE
HANFORD VADOSE ZONE
Katharine Maher, Donald J. DePaolo, and John N. Christensen
Contact: Katharine Maher, 510/642-9524, katem@eps.berkeley.edu

RESEARCH OBJECTIVES

Weathering rates of subsurface soil and rocks are difficult
to quantify because of the difficulties in assessing the amount
of reactive surface area and the thermodynamic potentials
driving the chemical reactions. Mineral dissolution rates
measured in the laboratory typically predict rates that are 2 to
4 orders of magnitude faster than estimates based on field
measurements (White et al., 1996). Few field measurements
are available, and most of those are on silicate soils. Almost no
field measurements exist for deep vadose zone materials or for
rocks in the saturated zone.

The uranium-series (U-series) isotope system can be used
to measure reaction rates in aquifers and thick vadose zone
environments. This approach is based on o-recoil of 234Th
atoms across grain boundaries, which enriches the pore fluid in
234U. Dissolution of the solid phase releases mainly 238U to the
pore fluid, so that the 234U /238U ratio of the pore fluid is a
measure of the local ratio of the dissolution uranium flux to the
a-recoil flux (Tricca et al., 2001; DePaolo et al., 2003 submitted).
The in situ reaction rate can be calculated from measurements of
the 234U /238U isotopic ratio of interstitial fluids and solid phas-
es, if the o- recoil flux can be estimated independently.

APPROACH

Uranium isotopes were measured for bulk sediment, sedi-
ment size fractions, pore fluids, the exchangeable fraction, and
selected mineral phases of a 70 m vadose zone core at the
Hanford Site, Washington, to estimate the mineral weathering
rates and understand uranium distributions in the vadose
zone. These measurements were performed using a
Micromass IsoProbe multicollector ICP-MS at the Center for
Isotope Geochemistry. A reactive transport model, aimed at
comparing the U-series kinetics to those predicted by a multi-
component thermodynamic model, is being constructed to fur-
ther evaluate the results.

ACCOMPLISHMENTS

The measured 234U /238U ratios for the vadose zone core
yield weathering rates that are in general agreement with esti-
mates based on other methods: approximately 1064 yrl
(Figure 1). These are the first measurements of uranium iso-
tope compositions of the vadose zone pore waters and solid
phases, and the first attempt to use these measurements to esti-
mate weathering rates in the vadose zone.

SIGNIFICANCE OF FINDINGS
This study is the first to quantify reaction kinetics in the

vadose zone. Perhaps the most significant

contribution of this work is the develop-
ment of an in situ method for determining
|nr "--- .—l b girat

precipitation/dissolution rates that, when coupled with
other geochemical data, may help to decipher the mecha-
nisms that control weathering in natural systems.

RELATED PUBLICATIONS

DePaolo et al., Rate of diagenetic reactions in deep-sea sediment:
In situ measurement using 234U/238U of pore fluids.
Geochim. Cosmochim. Acta., 2003 (submitted).

Mabher, K., D.J. DePaolo, M.E. Conrad, and R.J. Serne, Vadose
zone infiltration rate at Hanford, Washington, inferred from
Sr isotope measurements. Water Resour. Res., 39(8), 1204,
2003.

Tricca, A., GJ. Wasserburg, D. Porcelli, and M. Baskaran, The
transport of U- and Th- series nuclides in a sandy unconfined
aquifer. Geochim. Cosmochim. Acta, 65, 1187-1210, 2001.

White, A.F, AE. Blum, M.S. Schulz, T.D. Bullen, ].W. Harden,
and M.L. Peterson, Chemical weathering of a soil chronose-
quence on granitic alluvium 1. Reaction rates based on
changes in soil mineralogy. Geochim. Cosmochim. Acta, 60,
2533-2550, 1996.
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Figure 1. (a) U isotope data from the 299-W22-48 core, Hanford,
Washington. (b) Comparison of estimated weathering rates
derived from Sr and U isotope studies.
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DETECTION AND IDENTIFICATION OF UNEXPLODED ORDNANCE
Frank Morrison, Alex Becker, Erika Gasperikova, and Torquil Smith
Contact: Erika Gasperikova, 510/486-4930, egasperikova@lbl.gov

RESEARCH OBJECTIVES

A recent Task Force Report lists some 1,500 sites compris-
ing approximately 15 million acres that potentially contain
unexploded ordnance (UXO). In practice, the major costs in
cleanup are excavation and removal, but at present, 90% of the
objects detected are non-UXO, and 75% of the cost of excava-
tion is for these non-UXO objects. Existing systems can detect
metallic objects in the ground, but cannot discriminate
between the generally cylindrical and symmetric intact UXO
and the scraps or fragments of exploded UXO that are harm-
less (Figure 1). It is the objective of this research to design and
fabricate an optimum active electromagnetic (AEM) system
that can extract from the measurements the best possible esti-
mates of the location, size, shape, and metal content of a
buried metallic object—in the presence of interfering respons-
es from the ground and non-UXO metallic objects.

APPROACH

These objectives are being realized through simulators:
numerical models of the electromagnetic response, produced
by an arbitrary target in the ground, to an arbitrary configura-
tion of transmitters and receivers. The simulators are then
used for the forward calculations required in inverse solutions
for (a) the depth, size, and aspect ratio of a target and (b) the
configuration of the transmitters and receivers to optimize the
calculations in (a).

ACCOMPLISHMENTS

We have found that the depth, size, and principal moments
(any target can be represented by three orthogonal principal
dipole moments) can be derived from the response of a system
consisting of three orthogonal transmitters and five sensitive
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induction-coil sensors mounted within a 1mx1m frame.
Because of these findings, the project emphasis has shifted to
making magnetic field sensors and instrumentation that can
achieve measurement bandwidths (or time windows) that
meet the specifications of the simulations. Since optimum
determination of depth and orientation requires multiple-
point sensors (arrays of compact sensors), we have developed
small induction sensors to replace the large open-loop sensors
currently used in all AEM systems.

- UXO

g clutter

in presence of

Figure 1. Conceptual representation of U
clutter and geological noise

SIGNIFICANCE OF FINDINGS

We have designed a new generation of multisensor electro-
magnetic systems that can significantly extend the depth of
UXO detection and, more importantly, determine key parame-
ters of the object that will differentiate it from harmless scrap
metal.
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SEISMIC WAVE SCATTERING BY HETERGENEOUS FRACTURES AND FAULTS
Seiji Nakagawa, Aoife C. Toomey, and Larry R. Myer
Contact: Seiji Nakagawa, 510/486-7894, snakagawa@Ilbl.gov

RESEARCH OBJECTIVES

The conventional seismic displacement discontinuity (SDD)
model for seismic wave scattering by single fractures and faults
assumes a linear relationship between the wave-introduced,
small relative displacement and the stress across a fracture. This
relationship is represented by a material parameter called frac-
ture compliance. Theoretical studies based upon the SDD model
are usually limited to, or assume, fractures with a homogeneous
distribution of fracture compliance on the fracture plane.
Naturally occurring fractures and faults are, however, heteroge-
neous, with the microscale properties varying along the fracture
plane. This variation gives rise to fracture compliance that is
spatially heterogeneous and, possibly, auto-correlated. Since the
heterogeneity of a fracture has a great impact on the hydraulic
and mechanical properties of the fracture, understanding the
effect of heterogeneity on the scattering of elastic waves can pro-
vide valuable tools for geophysical and nondestructive charac-
terization of fracture properties.

APPROACH

The dynamic behavior of a real fracture and a fault can be
modeled using an interface with a heterogeneous distribution
of compliance, measured locally at some length scale much
smaller than the seismic (elastic-wave) wavelengths.
Analytical and numerical techniques to examine elastic-wave
scattering by heterogeneous fractures and faults can be devel-
oped based on these “local” SDD boundary conditions and the
plane-wave theory. This is achieved by simply applying a spa-
tial Fourier transform to the conventional SDD conditions with
the “local” fracture compliance. For this reason, this method is
called the wavenumber-domain seismic-displacement-discon-
tinuity (wd-SDD) method.

ACCOMPLISHMENTS

An analytical model of the wd-SDD method was devel-
oped, and a numerical algorithm was written to simulate elas-
tic-wave scattering by heterogeneous fractures and faults. The
heterogeneity is quantitatively represented as a spatially corre-
lated, random distribution of the fracture compliance on a
fracture or fault plane. Some of the advantages of this method
are that (1) wave scattering for a wide range of frequencies can
be examined, (2) all mode-converted waves can be modeled
(Figure 1), and (3) only a small computer is needed for the
numerical simulations.

SIGNIFICANCE OF FINDINGS

Using the developed method, we examined the scattering-
induced, frequency-dependent behavior of
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average fracture compliance determined from the scattered
waves measured in the far field. Our results showed that, for
a spatially correlated, heterogeneous fracture-compliance dis-
tribution with a finite correlation length, the average compli-
ance increases as a function of frequency at low frequencies,
and then decreases at high frequencies. The transition frequen-
cy between the low and high frequency regimes can be related
to the correlation length of the distribution. In contrast, for a
self-affine (fractal) compliance distribution that does not have
characteristic length scale, the numerical simulations show lit-
tle or no peak in the compliance spectra. Also, these frequen-
cy-dependent compliances have a complex value, which can
be misinterpreted as the viscoelastic property of the fracture.

RELATED PUBLICATION

Nakagawa, S., K.T. Nihei, and L.R. Myer, Elastic wave scatter-
ing of a fracture with non-uniform stiffness distribution.
EOS Trans., AGU, 83(47), Fall Meet. Suppl., Abstract S61B-
1141, 2002.
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Figure 1. A computed three-dimensional snapshot (z-direction
displacements) of plane elastic waves scattered by a fracture
(shown as a green line at the center of the cube) with a heteroge-
neous compliance distribution. The propagation direction of the
incident wave is (x, y, z)=(1,1,1). The symbols in the plot indicate
Tp, transmitted compressional wave; Rp, reflected compressional
wave; Ts, transmitted shear wave; Rs, reflected shear wave; and
H, fracture head waves.
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IMAGING ATTENUATION IN ROCK WITH HETEROGENEOUS MULTIPHASE FLUIDS

Kurt T. Nihei, S. Nakagawa, and T. Watanabe
Contact: Kurt T. Nihei, 510/486-5349, ktnihei@lbl.gov

RESEARCH OBJECTIVES

At the center of this project is a fundamental investigation
of scattering and intrinsic attenuation of seismic waves in rock
with heterogeneous distributions of fluids and gas. This
research represents a departure from past rock-physics studies
on seismic attenuation, in that the emphasis here is not on a
detailed study of a specific attenuation mechanism. Rather, the
emphasis is on investigating theoretical and laboratory meth-
ods for obtaining separate estimates of scattering and intrinsic
attenuation in rock with heterogeneous pore-fluid distribu-
tions. We anticipate that methods for obtaining separate esti-
mates of intrinsic and scattering attenuation may lead to high-
er-resolution methods for monitoring the movement of fluids
in the subsurface.

APPROACH

During the first two years of this project, we have adopted
a deterministic approach to the problem of attenuation imag-
ing. The approach is to use full-waveform viscoelastic nonlin-
ear inversion to image the frequency-dependent viscoelastic
properties of the subsurface. The complex moduli determined
from this inversion provide estimates of the frequency-
dependent bulk and shear moduli and the P- and S-wave
intrinsic attenuation. In principle, if the finite-difference mod-
eling code used in the full-waveform inversion scheme cor-
rectly simulates wave propagation in a heterogeneous, vis-
coelastic medium, and the source-receiver coverage around
the medium being probed is adequate, then the apparent
attenuation caused by scattering off heterogeneities is
removed in the inversion process. The attenuation estimated

Frame 00 | 01 Jul 2003 | Time Step# 2500

Figurel. Snapshot of the pressure field generated by a 100 Hz
pressure source located in the lower left corner of a homogeneous
medium with a single fracture, located in the middle of the
model. An anisotropic, viscoelastic, time-domain staggered grid
was used in this computation.
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from the inverted complex moduli will be the intrinsic attenu-
ation. However, in practice, it is expected that cumulative scat-
tering off subwavelength heterogeneities (e.g., layering) may
also effectively remove energy from the dominant arrivals.
This research will use numerical modeling with heterogeneity
to investigate these issues.

ACCOMPLISHMENTS

One key component of full-waveform viscoelastic imaging
is its efficient numerical algorithm for computing the seismic
response at the receiver locations for multiple sources. We have
found that a faster finite-difference solution for time harmonic
problems can be computed with an explicit (i.e., time-domain)
method rather than an iterative implicit (i.e., frequency-
domain) method. In this time-domain approach to frequency-
domain modeling, a time-domain finite-difference code is run
with harmonic waves out to steady state (Figure 1). The magni-
tude and phase at each location (x,z) are extracted from the
time harmonic data using a phase-sensitive detection (PSD)
algorithm. Tests performed using this algorithm demonstrate
that it requires a simple summation over several cycles to
obtain accurate magnitude and phase estimates. Tests have also
shown that the algorithm works when multiple frequencies are
present in the wavefield.

SIGNIFICANCE OF FINDINGS

Based on these results, a 2-D viscoelastic, anisotropic, fre-
quency-domain, full-waveform inversion code is being built
around a 2-D viscoelastic, anistropic, time-domain, staggered-
grid finite-difference code. We anticipate that this code will be
significantly faster than, and capable of solving larger prob-
lems than, current viscoelastic frequency-domain inversion
codes that utilize frequency-domain forward-modeling rou-
tines. We plan on completing and testing this inversion code
later in 2003.

RELATED PUBLICATION

Watanabe, T., K.T. Nihei, S. Nakagawa, and L.R. Myer, Imaging
of crosshole laboratory data using visco-acoustic waveform
inversion and reverse-time imaging. Expanded Abstracts,
72nd Annual Meeting of the Society of Exploration
Geophysics, Salt Lake City, Utah, pp. 870-873, 2002.
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CLAY MINERAL SURFACE GEOCHEMISTRY:
STRUCTURE OF WATER ADSORBED ON A MICA SURFACE

Sung-Ho Park and Garrison Sposito
Contact: Sung-Ho Park, 510/643-372, sungho_park@Ibl.gov

RESEARCH OBJECTIVES

The objective of this project is to obtain the detailed structur-
al properties of hydration water on a micaceous mineral surface.

APPROACH

Our approach uses Monte Carlo simulations as implement-
ed in the program MONTE. The Muscovite model formula,
Kl6A123(A1165148)0160(OH)32 was used with 256 water mole-
cules in a simulation cell. This cell was then replicated infinite-
ly in three dimensions to mimic a macroscopic mica-water
interface system. The model potential functions used to repre-
sent water-water, counterion-water, counterion-counterion,
counterion-mineral, and water-mineral interactions have been
tested extensively and successfully for 2:1 clay-mineral
hydrates. Our simulations were performed in a constant (NsT)
ensemble, in which absolute temperature (T) and pressure
applied normal to the mineral layers (s) are maintained at 300
K and 100 kPa, respectively.

ACCOMPLISHMENTS

We have ascertained the detailed molecular structure of the
mica-water interface. Figure 1 compares the water O (oxygen)
density profile we obtained by Monte Carlo simulation with that
derived from x-ray reflectivity measurements (Cheng et al,
2001). The match between their profile and ours (within 4 A from
the surface O) is excellent, encouraging a direct interpretation of
the two principal features in terms of adsorbed water species, as
predicted by our simulation. The first peak in the O density pro-
file describes the water molecules adsorbed near ditrigonal cav-
ities, while the second peak corresponds to adsorbed water mol-
ecules distributed laterally at approximately 1.3 per surface cav-
ity, as also reported by Cheng et al. (Figure 1). Visualization
showed that most of these water molecules are oriented with one
of their OH groups pointing toward the mineral-surface O,
which is consistent with hydrogen bond formation.

SIGNIFICANCE OF FINDINGS

Our simulation results were consistent with liquid-like disor-
der for the hydrate as a whole (Cheng et al., 2001) on the basis of
their water O density profile tending to approach the bulk liquid
limit after only a few oscillations (Figure 1). Overall, the structure
of water adsorbed by micaceous minerals appears to be signifi-
cantly more disordered than that of ice Th. Our Monte Carlo
results may also help to clarify the molecular interpretation of
recent surface-force balance experiments involving hydration
water between mica surfaces (Reviv et al.,, 2001). These experi-
ments indicate that K+ counterions are displaced into the hydra-

tion layers, in agreement with our simulation
- _‘\-‘\] 4’ results; that a single layer of strongly adsorbed
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water may exist at the mica surface, in agreement with Figure 1;
and that hydration water films thicker than about 4 A are liquid-
like.

RELATED PUBLICATIONS

Cheng, L., P. Fenter, K.L. Nagy, M.L., Schlegel, and N.C. Sturchio,
Molecular-scale density oscillations in water adjacent to a
mica surface. Phys. Rev. Lett. 87, 156103, 2001.

Reviv, U,, P. Laurat, and J. Klein, Fluidity of water confined to
subnanometre films. Nature, 413, 51, 2001.

Park, S.-H. and G. Sposito, Do montmorillonite surfaces promote
methane hydrate formation?: Monte Carlo and molecular
dynamics simulations. J. Phys. Chem. B. 107, 2281, 2003.

Park, S.-H. and G. Sposito, Structure of water adsorbed on a
mica surface. Phys. Rev. Lett. 89, 85501, 2001. URL:
http:/ /esd.Ibl.gov/GEO/aqueous_geochem/index.html.
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Figure 1. Simulation cell of the molecular structure of water
adsorbed on muscovite (right); water O density distribution as
a function of the distance z from the mean surface oxygen posi-
tion (left, middle); water molecules adsorbed near ditrigonal
cavities (left, bottom); adsorbed water molecules distributed
laterally at ~1.3 A and forming hydrogen bonds with mineral
surface oxygens (left, top)
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INTERCOMPARISON OF SIMULATION CODES FOR GEOLOGIC SEQUESTRATION OF CO,
Karsten Pruess
Contact: 415/486-6732, k_pruess@lbl.gov

RESEARCH OBJECTIVES

Mathematical models and numerical simulation tools play
an important role in evaluating the feasibility of CO, storage in
subsurface reservoirs, such as brine aquifers, producing or
depleted oil and gas reservoirs, and coalbeds. We have designed
and performed a code intercomparison study to explore the
capabilities of numerical simulators to accurately and reliably
model the important physical and chemical processes that
would be taking place in CO, disposal systems. The overall
objective of the study is to document and advance the state of the
art in modeling CO, injection into subsurface reservoirs, and to
establish credibility for currently available modeling approaches.

APPROACH

Berkeley Lab designed and directed the code intercompar-
ison study. A set of eight test problems was assembled to
examine flow processes during CO, injection into brine forma-
tions, depleted gas reservoirs, and oil reservoirs. Key issues
addressed in these problems include (1) the thermodynamics
of sub- and supercritical CO,, and PVT properties of mixtures
of CO, with other fluids, including (saline) water, oil, and nat-
ural gas; (2) the fluid mechanics of single and multiphase flow
when CO; is injected into aquifers, oil reservoirs, and natural
gas reservoirs; (3) coupled hydrochemical effects caused by
interactions among CO,, reservoir fluids, and primary miner-
al assemblages; (4) coupled hydromechanical effects, such as
porosity and permeability change, caused by increased fluid
pressures from CO, injection; and (5) space and time dis-
cretization effects. The test problems were distributed to inter-
ested groups of scientists and engineers, and the Internet was
used as a convenient vehicle to help organize this effort.

ACCOMPLISHMENTS

Ten groups from six countries participated in the study,
including Berkeley Lab, Stanford University, Lawrence
Livermore National Laboratory, Los Alamos National
Laboratory, Pacific Northwest National Laboratory, Alberta
Research Council (Canada), Industrial Research Ltd. (New
Zealand), CSIRO Petroleum (Australia), University of Stuttgart
(Germany), and the Institut Frangais de Pétrol (France).

In the course of the study, a number of bugs were found and
corrected in several simulation codes. Substantial agreement was
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achieved between results predicted from different simulators,
but there exist areas with only fair agreement, as well as some
significant discrepancies. Most discrepancies could be traced to
differences in fluid property descriptions, an area that will clear-
ly require continuing efforts by code developers to assure that
realistic results can be obtained. Some disagreements were
caused by effects from space and time discretization, while occa-
sionally discrepancies were noted for which no rational explana-
tion could be found.

A full presentation and discussion of results submitted by all
groups are given in a laboratory report (Pruess et al., 2002). A
separate report with a more detailed presentation of Berkeley
Lab results for the saline-brine-formation problems is also avail-
able (Pruess and Garcia, 2002). These reports, as well as other
related materials, are available on the Web at http:/ /www-
esd.Ibl.gov/GEOSEQ)/.

SIGNIFICANCE OF FINDINGS

Although code development work undoubtedly must con-
tinue, this work has shown that codes are available now that
can robustly model the complex phenomena accompanying
geologic storage of CO,, and with quantitatively similar
results.

RELATED PUBLICATIONS

Pruess, K., and J. Garcfa. Solutions of test problems for disposal
of CO, in saline aquifers. Berkeley Lab Report LBNL-51812,
2002.

Pruess, K., J. Garcia, T. Kovscek, C. Oldenburg, J. Rutqvist, C.
Steefel, and T. Xu, Intercomparison of numerical simulation
codes for geologic disposal of CO,. Berkeley Lab Report
LBNL-51813, 2002.

Pruess, K., C.E. Tsang, D. H.-S. Law, and C.M. Oldenburg. Inter-
comparison of simulation models for CO, disposal in under-
ground storage reservoirs. Berkeley Lab Report LBNL-47353,
2000.
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INVESTIGATION OF THE EFFECTS OF EVAPORATION AND INFILTRATION ON VADOSE
ZONE PORE-FLUID 8180 VALUES AT HANFORD, USING TOUGHREACT
Michael J. Singleton, Eric L. Sonnenthal, Donald J. DePaolo, and Mark E. Conrad
Contact: Michael Singleton, 510/486-5241, mjsingleton@lbl.gov

RESEARCH OBJECTIVES

The fraction of rainfall that percolates deep into the vadose
zone in arid regions is difficult to predict, but important for
understanding groundwater recharge and contaminant trans-
port. At Hanford, where a large amount of radionuclide con-
tamination is present in the vadose zone above the water table,
it is especially important to know the water infiltration flux,
because this determines how rapidly radionuclides will reach
groundwater. This study is aimed at evaluating the use of
numerical models in conjunction with water isotope data to
measure infiltration flux in arid regions.

APPROACH

The vadose zone hydrological processes that control infil-
tration also generate variations in the ratios of stable isotopes
(i.e, 180/160 and 2H/1H) in water and water vapor. A numer-
ical modeling approach is needed to account for the interplay
between evapotranspiration, advection, and diffusion. We
implemented the temperature-dependent equilibration of sta-
ble isotopic species between water and water vapor, and their
differing diffusive transport properties, into the thermodynam-
ic database of the reactive transport code TOUGHREACT,
developed at Berkeley Lab. This allows for the simulation of
stable isotope fractionation in tandem with multiphase unsatu-
rated flow, heat transport, mineral-water-gas reactions, and the
transport of other gaseous and aqueous species.

ACCOMPLISHMENTS

TOUGHREACT simulations with isotope fractionation
provide new insights into the behavior of water isotopes in
unsaturated zone pore waters in semi-arid climates.
Preliminary results (Figure 1) emphasize the effects of alternat-
ing wet and dry seasons, which lead to annual fluctuations in
moisture content, capillary pressure, and stable isotope com-
positions in the vadose zone. The effective depths of evapora-
tion and wetting events are primarily controlled by soil prop-
erties and infiltration rate. Repeated annual cycles of wet and
dry seasons in a semi-arid climate lead to a consistent shift in
the isotopic composition of deep vadose zone pore waters,
which is proportional to the amount of infiltration.

SIGNIFICANCE OF FINDINGS

Stable isotope profiles provide a dynamic record of evapora-
tion and infiltration in the unsaturated zone. For the range of
infiltration rates measured at the Hanford Site (5-200 mm/yr),
stable isotope profiles are affected by surface conditions on
annual-to-decadal time scales, and therefore
_\‘\_l 4’ can provide a record of recent events such as
reriees
Vil il B

dumped or spilled waste water, soil removal, and devegetation
by brush fires. Numerical simulations of transport and isotope
fractionation using TOUGHREACT provide a method to quanti-
tatively interpret the relationship of stable isotope depth profiles
to infiltration rate.

RELATED PUBLICATION

Singleton, M.J., E.L. Sonnenthal, M.E. Conrad, and D.].
DePaolo, Numerical modeling of stable isotope fractiona-
tion and multiphase reactive transport of water and water
vapor using TOUGHREACT. Proceedings, TOUGH
Symposium, Berkeley, California, 2003.
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Figure 1. Model results for a vertical Hanford Site vadose zone
profile of oxygen isotope compositions with different infiltration
rates (q), compared with pore-water samples taken just after the
wet season from a lysimeter where the infiltration rate is known
to be 55 mm /year
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URANIUM DIFFUSION
Tetsu K. Tokunaga, Jiamin Wan, Jasquelin Pena, Stephen R. Sutton', and Matt Newville!
'University of Chicago
Contact: Tetsu Tokunaga, 510/486-7176, tktokunaga@lbl.gov

RESEARCH OBJECTIVES

Transport of uranium (U) in contaminated soils and sedi-
ments is of great concern. Environments affected by U contami-
nation can be very challenging to understand because extreme
disequilibrium is likely in such environments, especially during
early stages of waste migration, when solutions are still often
either highly acidic or highly alkaline. The impact of diffusion is
espedially important when large fractions of the subsurface have
low hydraulic conductivities relative to a small fraction of inter-
connected preferential flow paths, and where hydraulic gradi-
ents are low. In this study, we are concerned with diffusion of
U(VI) species, since these are commonly much more soluble and
mobile than U(IV) species. Because U(VI) forms a variety of
strongly pH-dependent solution complexes and surface com-
plexes, its sorption—and thus its mobility—is strongly pH-
dependent. Experiments are being conducted to test various
models for predicting transient U(VI) diffusion.

APPROACH

Measurements were obtained on U(VI) diffusion into two
different soil types, one neutral and the other slightly alkaline.
To each of these soil types, we applied U(VI) solutions, one
acidic and the other alkaline. Periodic measurements of redox
potential profiles within the soil columns, and of pH and U
concentrations in the boundary reservoirs, were obtained.
Profiles of the total U and U(VI) distribution in the sediment
column were obtained by micro- x-ray absorption near-edge
structure (micro-XANES) spectroscopy. Measured U profiles
were compared with various model predictions.

ACCOMPLISHMENTS

Micro-XANES analyses confirm that U remains in oxidized
U(VI]) forms within systems having low organic carbon avail-
ability. Strong pH-dependent apparent U(VI) diffusivities are
obtained in transient experiments. These apparent diffusivities
are in fair agreement with predictions based on aqueous-phase
U(VI) diffusivities, soil porosities, and pH-dependent sorption
isotherms. Ongoing sorption studies (Zheng et al., 2003) are
being conducted through a related NABIR-supported project.

SIGNIFICANCE OF FINDINGS

Predicting the mobility of U in soils and sediments requires
an understanding of its diffusive transport. Such understanding
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is being provided in this study, through direct measurements of
U(V]) diffusion profiles and comparisons with U(VI) sorption
isotherms.

RELATED PUBLICATIONS

Tokunaga, T.K., J. Wan, T.C. Hazen, E. Schwartz, M.K.
Firestone, S.R. Sutton, M. Newville, K.R. Olson, A.
Lanzirotti, and W. Rao, Distribution of chromium contam-
ination and microbial activity in soil aggregates. J. Environ.
Qual. 32, 541-549, 2003.

Zheng, Z., TK. Tokunaga, and J. Wan, Influence of calcium car-
bonate on sorption of U(VI) to soils. Environ. Sci. Technol.,
2003.

ACKNOWLEDGMENTS

This project is supported by the Director, Office of Science,
Office of Basic Energy Sciences, Division of Chemical Sciences,
Geosciences, and Biosciences, of the U. S. Department of Energy
under Contract No. DE-AC03-76-SF00098. Use of theAdvanced
Photon Source was also supported by the Office of Science, Office
of Basic Energy Sciences, of the U.S. Department of Energy.

S - I,
| mma 150 pHed | ~u 5T H®T
BO00E ) L SI00T 1 000 i
il s
B e 5 RN
ALKE = R0
o , =
= 400 C 400} §
il = FI0H, 1
A 20
LY (ULERES Y
)] = :'_; tﬁ.

5 10 15 20 5 50 55 B 5 10 15 20 25 50

Daapth. LI, e

Figure 1. Micro-XANES profiles at day 150, for U(VI) diffusing
into Oak Ridge soil from initially acidic (left) and initially alka-
line (right) solutions. Neutralization of the alkaline system
resulted in strong U(VI) sorption and retardation of the diffu-
sion front. Model calculations are based on measured porosi-
ties, aqueous-phase U(VI) diffusivities, and pH-dependent
U(VI) sorption.
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VANISHING OF CAPILLARY HYSTERESIS IN POROUS MEDIA
Tetsu K. Tokunaga, Keith R. Olson, and Jiamin Wan
Contact: Tetsu K. Tokunaga, 510-486-7176, tktokunaga@lbl.gov

RESEARCH OBJECTIVES

The degree of water saturation (S) exerts strong influences
on water flow, transport of solutes and heat, and mechanical
properties of porous media. The monotonic decrease of the
matric potential (y) with decreased saturation reflects the com-
bination of capillary and adsorptive influences in lowering the
free energy of soil water. In the early decades of soil physics, it
was assumed that the S(y) relation in a given system repre-
sented a series of unique equilibrium conditions. Since the
classic 1930 paper of Haines, hysteresis in S(y) has been
regarded as a basic aspect of interactions between water and
variably saturated porous media. At any given potential, the
equilibrium saturation level obtained by draining a system is
greater than or equal to that obtained by wetting an initially
dry system to the same potential. In an attempt to gain a bet-
ter understanding of the hysteresis phenomenon, we consider
conditions that lead to its disappearance.

APPROACH

Capillary models and Miller-Miller unsaturated hydraulic
scaling were used to predict conditions necessary for removal
of hysteresis. Disappearance of hysteresis was tested through
suction plate measurements of drainage and wetting curves
for sands and gravels, with grain sizes ranging from 0.2 to 14
mm. The influence of surface tension was tested through
measurements of S() in 7 mm gravel, with and without a sur-
factant—sodium dodecylbenzenesulfonate (SDBS).

ACCOMPLISHMENTS

Calculations based on a simple pore-size model lead to
the predicted disappearance of hysteresis in the grain-size
range of 8 to 15 mm. A more constrained predicted grain-size
limit of 10.4 + 0.5 mm was obtained by applying Miller-Miller
scaling to a conceptual model of Haines. More generally, hys-
teresis is also predicted to depend on surface tension, fluid
densities, and acceleration. Laboratory measurements
showed that hysteresis loops remain well defined for grain
sizes up to 7 mm. At a grain size of 9 mm, hysteresis is bare-
ly detectable. For grain sizes equal to or greater than 10 mm,
hysteresis is not observed. Measurements of S(y) on 7 mm
gravels exhibited hysteresis without SDBS, but did not exhib-
it hysteresis with it. These results support our general analy-
sis, which predicted elimination of hysteresis based on fluid
densities, acceleration, grain size, and surface tension. These
parameters combine to yield the dimensionless Haines num-
ber, with a critical value of 14.8 + 1.4. Above this value, capil-
lary hysteresis is not possible.
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SIGNIFICANCE OF FINDINGS

The experiments completed in this project support the pre-
dicted grain-size and surface-tension dependence of capillary
hysteresis, and show that hysteresis is not a fundamental fea-
ture of unsaturated porous media. Lack of previous awareness
of nonhysteretic S(y) appears to result from the fact that the
considered combinations of grain size, surface tension, fluid
densities, and acceleration were within the realm in which cap-
illary rise is greater than the grain size. Studies on unsaturated
media conducted with surfactants and/or in centrifuges may
benefit from this work.
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Figure 1. The Haines number is comprised of fluid-fluid densi-
ty differences and surface tension, acceleration, and grain-size.
Grain-size dependence of the Haines number for (a) standard
conditions (air-water, ordinary gravity), (b) low surface tension
(surfactant solution, ordinary gravity), (c) much higher body
force (air-water, 1,000g centrifuge), and (d) an oil-water system
conditions (ordinary gravity). The horizontal line at Ha = 16
separates systems that do and that do not exhibit hysteresis.

RELATED PUBLICATIONS

Tokunaga, TK, J. Wan, and K.R. Olson. Saturation-matric
potential relations in gravel. Water Resour. Res. 38(10), 1214,
d0i:10.1029/2001WR001242, 2002.

Tokunaga, T.K., K.R. Olson, and J. Wan. Moisture characteristics
of Hanford gravels: Bulk, grain-surface, and intragranular
components. Vadose Zone J., 2003 (in press).
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HELIUM ISOTOPE RATIOS IN SOUTH SISTER VOLCANO VICINITY, COLD SPRINGS
Matthijs C. van Soest, B. Mack Kennedy, William C. Evans', Robert H. Mariner!, and Mariek E. Schmidt?
1U.S. Geological Survey, Menlo Park, California
2Department of Geosciences, Oregon State University, Corvallis, Oregon
Contact: Matthijs C. van Soest, 510/486-5659, mcvansoest@lbl.gov

RESEARCH OBJECTIVES

As part of a geochemical monitoring project at Oregon’s
South Sister volcano—a volcano that is undergoing strong uplift
(Wicks et al., 2002)—we are carrying out a detailed study of heli-
um isotope ratios in cold and hot springs in the Separation Creek
drainage area. Through this study, we hope to determine the
occurrence of any changes in spring chemistry that could be

springs to the exclusion of nonthermal waters. The surprisingly
very high helium isotopic compositions observed in two of the
cold springs suggests that cold springs should not be over-
looked, because they may contain helium isotope signatures
reflecting deep processes, such as magma intrusion, that precede
thermal and/or chemical pulses at the surface.

related to the ongoing uplift.
APPROACH
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the springs in the area, hot or cold, show
a significant magmatic helium compo-
nent. The most remarkable results are
that two cold springs with a free gas

Figure 1(a). Overview map of the Three Sisters area, central Oregon, with sample locations and heli-
um isotope results, using color coding for sampling date and general spring chemistry indication;
(b) Plot of helium isotope ratio vs. distance from the volcano, with 813C values next to each data
point showing a similar trend.

phase, one close to the center of the uplift
zone and the other close to the volcanic edifice itself, gave helium
isotope ratios that are indistinguishable from pristine upper-man-
tle-derived helium (8 + 1 times RA, where RA is the ratio in air
and used for normalization). For the rest of the area, the data
show a general trend of decreasing helium isotope ratios with dis-
tance from the zone of uplift (Figure 1b). This trend reflects dilu-
tion of the magmatic helium component with crustal fluids that
typically are rich in radiogenic 4He (*He/4He ~ 0.02 RA).

During the time this study was conducted, none of the mon-
itored springs showed any significant changes (Figure 1a) in heli-
um isotopic composition. To further understand the system, we
are continuing the monitoring program.

SIGNIFICANCE OF FINDINGS

Geochemical explorations for deep hot fluids, of economic
interest as a potential energy source, generally focus on hot
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RELATED PUBLICATIONS

Wicks, C., Jr,, D. Dzurisin, S.E. Ingebritsen, W. Thatcher, Z. Lu,
and J. Iversen, Magmatic activity beneath the quiescent Three
Sisters volcanic center, central Oregon Cascade Range,
Oregon. Geophysical Research Letters, 29, 26-1-26-4, 2002.

ACKNOWLEDGMENTS

We would like to acknowledge UNOCAL for allowing us
access to the data collected during their geothermal exploration
studies. The principal author (van Soest) acknowledges Pat
Dobson for his assistance with the literature search. This work
was supported by the Assistant Secretary for Energy Efficiency
and Renewable Energy, Office of Technology Department, Office
of Geothermal Technologies, of the U.S.

Department of Energy under Contract No. DE- " :r\:h} ’

AC03-76SF00098. - —-ht
(B eier oes
Vil il B




Earth Sciences Division

Berkeley Lab

Fundamental and Exploratory Research Program

Research Summaries
2002-2003

NANOPARTICLES IN SUBSURFACE ENVIRONMENTS:
ABUNDANCE AND TRANSPORT OF THE MOBILE FRACTION

Jiamin Wan, Guilin Han, Jasquelin Pena, Xiang-Yun Song, and Tetsu Tokunaga
Contact: Jiamin Wan, 510/486-6004, jmwan@lbl.gov

RESEARCH OBJECTIVES

The earth science community has identified environmental
nanoscience as an important emerging field. This project pro-
vides the first survey of mobile nanoparticle inventories for
sediments from a variety of subsurface environments. The
research will also provide systematic studies of subsurface
nanoparticle transport and its dependence on nanoparticle,
sediment, solution, and hydraulic characteristics.

APPROACH

Quantification of the potentially mobile nanoparticle inven-
tory requires separation of nanoparticle size fractions. In this
study, particles in the <100 nm size range are defined as nanopar-
ticles. Methods such as flow-through columns, batch extractions
in water, and batch extractions with a dispersant (sodium hexa-
metaphosphate) are used. In these ways, operationally defined
measures of mass and specific surface areas associated with dif-
ferent particle fractions will be obtained in several sediment
types from DOE facilities across the country. Nanoparticle trans-
port quantification will be performed through laboratory col-
umn experiments with three types of variables. These are (1) nat-
ural versus synthetic (glass bead) sediments, (2) natural versus
synthetic (polystyrene latex) particles, and saturated versus
unsaturated conditions. Through these experiments, the validity
of filtration-theory predictions for nanoparticles will be tested.

ACCOMPLISHMENTS

Mobile nanoparticle inventories for two types of sediments
were studied, one from the Hanford Site and another from Oak
Ridge National Laboratory. Our results show that the release
of mobile nanoparticles depends strongly on solution chem-
istry, including pH, ionic strength, and anions. The maximum
particle release occurred at the lowest ionic strength condition.
Alkaline pH favors particle release. For example, in the Oak
Ridge sediments, the measured nanoparticle fractions (<0.1
pm) were 0.98% at pH 12.0, and the maximum release obtained
with hexametaphosphate solution was 1.72%. The nanoparti-
cle fraction is about 7% of the total clay fraction (<2.0 ym)
released in this sediment. We have also discovered that some
U(VI) nanoparticles are relatively stable in the pore solutions
of contaminated Hanford sediment (as shown in Figure 1).
Uranium(IV) nanoparticles have been found in the mine
drainage waters as a result of microbial reduction. This species
has previously been considered highly soluble under our test
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conditions, and thus we did not expect to find U(VI) nanopar-
ticles in this contaminated Hanford system.

SIGNIFICANCE OF FINDINGS

This research provides the first survey of mobile nanoparti-
cle inventories for sediments from a variety of subsurface envi-
ronments. It will also provide systematic studies of subsurface
nanoparticle transport and its dependence on nanoparticle,
sediment, solution, and hydraulic characteristics. The transport
experiments will also be the first to test the validity of filtration
theory for nanoparticles in the subsurface.

RELATED PUBLICATIONS

Wan, J., G. Han, J. Pena, X.Y. Song, and T.K. Tokunaga, The nat-
ural abundance of nanoparticles in soils. ]. Colloid
Interface Sci., 2003 (submitted).

Wan, J., J. Pena, X.Y. Song, Z. Zheng, and T.K.Tokunaga, U(VI)
nanoparticles in calcium carbonate-rich subsurface envi-
ronment. Environ. Sci. Technol., 2003 (submitted).
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Figure 1. U(VI) nanoparticles (marked by arrows and circles)
obtained from a pore solution of U contaminated sediment.
Based on lattice fringe (by TEM) and elemental composition (by
EDX) analyses, the particles are identified as sodium uranium
oxide phosphate hydrate, NayU30g(PO4).6H,O (Wan et al.,
unpublished).

37




Earth Sciences Division
Berkeley Lab

Fundamental and Exploratory Research Program

Research Summaries
2002-2003

CoMPARISON OF THE WET HEMATITE AND CORUNDUM (0001) SURFACE STRUCTURES
DETERMINED BY SYNCHROTRON X-RAY CTR ANALYSIS

Glenn Waychunas, Thomas Trainor!, Peter Engl, and Gordon Brown

2

'University of Chicago and Advanced Photon Source, Argonne National Laboratory
Stanford University, Stanford, California
Contact: Glenn Waychunas, 510/495-2225, gawaychunas@lbl.gov

RESEARCH OBJECTIVES

The surfaces of crystalline minerals generally differ from the
bulk structure due to atomic relaxation, expansion, or rearrange-
ment. These changes can have profound effects on the reactivity of
the mineral, especially with regard to toxics sorption, catalytic
activity, and dissolution. Although modern thermodynamic calcu-
lations and structural simulations are now well developed, these
still rest on the fundamental underpinning of the experimental
determination of the true surface structure. Here we focus on two
isostructural phases that behave quite dif-
ferently in the environment. Hematite is a
primary soil mineral with much greater
reactivity than corundum. Though itself
not found in soils, the corundum (0001)
surface structure is a much-used analog
for the alumina layers in clays, which also
have relatively low reactivity. The aim is
to uncover a structural basis for the differ-
ences in reactivity.

APPROACH

We wuse crystal truncation rod
(CTR) surface x-ray diffraction to
probe the atomic positions at the sur-

is also present. Finally, the surface is perfectly terminated by
oxygen ions and the water layer. In the hematite (0001) surface,
the results are similar (see Figure 1), butindividual iron ions with
surrounding oxygens form islands on the surface. These islands
allow for lower-coordination attachment points for reacting
spedies, unlike the smooth corundum surface that presents only
fully coordinated (saturated) metal sites. This sort of result may
be a general reason for enhanced reactivity at particular metal
oxide mineral surfaces. Analogous
work on sorption on the same mineral
surfaces using GIXAFS techniques
(Waychunas, 2002) supports and con-
firms our results.

SIGNIFICANCE OF FINDINGS

Besides the important and funda-
mental connection of reactivity to struc-
ture, the work helps to improve our sim-
ulation capability for model-reactive-
metal-oxide mineral surfaces. The inter-
atomic potentials used for such simula-
tions—usually molecular dynamics—
can be adjusted so that computer results

faces of highly perfect corundum and | Figure 1. Proposed structure of the hydrated (0001) | closely approximate the experimental
hematite (0001) crystals under water hematite surface: top: ball and stick structure show- | gyrface structures. Then the simulations

solutions. Current work utilizes near-
neutral water, but will also examine
the effect of pH on surface structure.
The technique is based on the fact that the crystal surface ter-
mination produces streaks (or “rods”) in diffraction space per-
pendicular to the surface. Though they are of low intensity,
equivalent to the scattering of a half-plane of atoms, these rods
can be quantitatively measured by synchrotron x-ray diffrac-
tion. Small changes in the atomic occupations or positions can
have large effects on the rod intensities at different positions in
diffraction space, and hence the rod measurements can be
refined to reveal the atomic structure of the surface.

ACCOMPLISHMENTS

Our original CTR analysis of the corundum (0001) surface
(Eng etal., 2000) shows considerable relaxations of surface atoms
down more than 6 atomic layers. The most important aspect is
the shift in the aluminum metal ions near the surface towards the
gibbsite (AIOOH) structure. An organized layer of sorbed water
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ing Fe atoms and associated bond valences (inverse-
ly related to reactivity); bottom: idealized polyhedral
model of the surface. Each octahedron is a FeOg unit.

can be applied with greater confidence
to other mineral-water systems, such as
goethite-water.

RELATED PUBLICATIONS

Eng, PJ., T.P. Trainor, G.E. Brown, G.A. Waychunas, M. Newville,
S.R. Sutton, and M.L. Rivers, Structure of the hydrated a-
Al,O3 (0001) surface. Science, 288, 1029-1033, 2000.

Waychunas, G.A., Grazing-incidence X-ray absorption and emis-
sion spectroscopy. Reviews in Mineralogy and Geochemistry,
49, 267-315, 2002.
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MANGANESE VALENCE AND MINERAL SURFACE STRUCTURE
DETERMINED WITH IN SiTtu SOFT X-RAY SPECTROSCOPY
Glenn Waychunas, David Shuh, and Mario Villalobos
Contact: Glenn Waychunas, 510/495-2224, gawaychunas@lbl.gov

RESEARCH OBJECTIVES

Manganese (Mn) minerals have high surface reactivity,
redox potentials that can either reduce or oxidize adsorbed
species, and high surface areas (fine grain sizes). These aspects
make them extremely significant players in metal sequestra-
tion due to strong sorption and alteration in valence states
(and hence solubility products) of solution species. Our goals
are to determine how much information about Mn valence
states and surface structure (i.e., surface mineral phase) can be
extracted from K-edge oxygen and L-edge manganese x-ray
fluorescence spectra, measured at the Advanced Light Source
(ALS) at Berkeley Lab.

APPROACH

Experiments are designed to investigate both dry ultra-
high-vacuum (UHV) mineral surfaces and surfaces in equilib-
rium with ambient water pressures. Fifteen different Mn min-
eral samples (both synthetic and natural) were examined at
ALS Beam Line 9.3.2, using both photon yield and photoelec-
tron yield, allowing simultaneous analysis of bulk and surface
(5 nm) chemistry and structure.

ACCOMPLISHMENTS

Some representative spectra from our work are shown in
Figure 1. Each valence state of Mn has well-defined features on
the L-edge as well as a progressive shift in edge position.
Accurate measurement (to about 1% relative) of valence ratios
are possible for these models when two valence states are pres-
ent. All phases showed the same bulk and surface valences,
except for manganite (nominally Mn3+ with composition
MnOOH), which has an oxidized surface.

The structure of the Mn phase has less effect on the Mn L
spectra than it does on the O K-edge spectra. This is because
the Mn L-edge transitions are mainly crystal field transitions,
while the O K-edge transitions include multiple scattering,
extended x-ray absorption fine structure (EXAFS), and
valence-shell bound state features. This allows the two types
of spectra, which can be collected in the same spectroscopy
scans, to be used complementarily. For example, the mangan-
ite surface coating, less than 5 nm thick, appears to be mainly
ramsdellite-like.

SIGNIFICANCE OF FINDINGS

These spectroscopy tools can be used to determine the pre-
cise chemical reactions at Mn mineral surfaces and whether
redox reactions are occurring. Redox reactions can alter the
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solubility and thus transportability of any surface-sorbed con-
taminant. In many waste situations, for example at Yucca
Mountain, Nevada, small amounts of Mn phases can have
large effects on contaminant sequestration. Hence, this type of
analysis is crucial to a complete understanding of the ultimate
fate of contaminants in Mn mineral-containing environments.
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Figure 1. Mn L-edge fluorescence spectra for Mn minerals with
different structures and valences. The differences in the Mn (II)
spectra result from the varied coordination environments of Mn
in each mineral (rhodochrosite—6 coordinated; spessartite—8
coordinated; rhodonite—5 and 6 coordinated). Both features
and energy positions are characteristic of the Mn valence state.
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SUM-FREQUENCY SPECTROSCOPIC STUDIES OF MINERAL-WATER INTERFACES
Glenn A Waychunas, Victor Ostroverkhov, and Y. Ron Shen
Contact: Glenn A. Waychunas, 510/495-2224, gawaychunas@lbl.gov

RESEARCH OBJECTIVES

Interactions of water and aqueous solutions with mineral
surfaces play an important role in a variety of environmental
processes. These processes include soil formation, cycling of
chemical elements in nature, mobility of heavy metals and
other contaminants as well as nutrients, and surface growth of
microorganisms (Brown et al., 1999). Such interactions are
affected by solution pH, the presence of dissolved ions, and
the surface structure of the solid. The objective of this project
is to use available experimental techniques and theoretical
approaches to develop a comprehensive microscopic picture of
how water and solutes interact with mineral surfaces.

APPROACH

To study the structure of water at a mineral surface, we use
sum-frequency vibrational spectroscopy—a surface-specific tech-
nique with monolayer sensitivity that can be applied under ambi-
ent conditions (Shen, 1989). The technique is based on sum-fre-
quency generation (SFG), a second-order nonlinear optical
process in which two intense input laser beams focused on the
medium produce an output beam at the frequency w=wl+w2. The
process is electric-dipole allowed only in noncentrosymmetric
media, and thus it is capable of probing the molecular ordering at
the interface caused by the breaking of centrosymmetry at the
surface. One of the input beam frequencies is tunable in the range
of system vibrational resonances (e.g., water molecule vibrations
or metal-oxygen stretching vibrations). Hence, spectroscopic
information is obtained from the water layer just at the surface,
from which the orientational distribution and structural type of
molecular species can be extracted.
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Figure 1. Sum frequency vibrational spectra for water on (a)
(0001) alpha quartz surface and (b) vitreous silica surface as a
function of pH. The lower energy peak is due to ice-like struc-
ture water, while the higher energy peak is due to water forming
several hydrogen bonds.
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ACCOMPLISHMENTS

In the past, SFG has been used to observe ice-like ordering of
water molecules on a vitreous silica surface (Du et al., 1994). Here,
for the first time we implement sum-frequency vibrational spec-
troscopy to extend the study to the interface of liquid water and a
well-characterized surface (0001) of crystalline quartz (0-SiO,)—
one of the most abundant minerals. We have developed an exper-
imental technique to differentiate a weak SFG signal from a strong
background SFG generated in the bulk of quartz crystal (a well-
known nonlinear crystal) by use of special experiment geometry
and light polarization combinations. Sets of interface water vibra-
tional spectra as a function of pH have been obtained (Figure 1).
Comparison with the case of vitreous silica shows that the crys-
tallinity of the surface results in a higher degree of ordering in the
interfacial layers of water at a given pH. This is shown by a pro-
nounced red-shifting of the peak associated with the symmetrical-
ly (ice-like) coordinated species in the hydrogen bond network of
water. With increasing pH, this peak also increases in intensity in
both series, reflecting increasing surface negative charge. The data
suggest that differing crystallographic surfaces may induce spe-
cific variations in water structure in the first few layers, as well as
modification of response to pH and sorbing species.

SIGNIFICANCE OF FINDINGS

The measurements provide important information on the
microscopic behavior of water in contact with the surface of o-
quartz under ambient conditions, and suggest that water on spe-
cific mineral surfaces may differ in structural details. This could
in part explain the variations of reaction rates on particular min-
eral surfaces. The study also provides additional constraints for
potentials used in molecular-dynamic simulations of water on
mineral surfaces, and has allowed enhanced interpretation of
sum-frequency spectral features.

RELATED PUBLICATIONS

Brown, G.E,, et al.,, Metal oxide surfaces and their interactions
with aqueous solutions and microbial organisms. Chem. Rev.,
99(1), 77-174, 1999.

Shen, Y.R., Surface-properties probed by 2nd-harmonic and sum-
frequency generation. Nature, 337, 519-525, 1989.

Du, Q,, et al, Vibrational-spectra of water-molecules at quartz
water interfaces. Phys. Rev. Lett. 72(2), 238-241, 19%4.
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The role of ESD’s Nuclear Waste Program (NWP) is to
assist the U.S. Department of Energy, the United States, and
other countries in solving the problem of the safe disposal of
high-level radioactive waste—by means of high-quality scien-
tific analyses and technology development. The major portion
of this program involves investigating the feasibility and
potential of the Yucca Mountain site in Nevada for permanent
storage of high-level nuclear waste. The NWP has also collab-
orated on nuclear-waste disposal issues with such countries as
Japan, Switzerland, Sweden, China, Romania, and others.

The Yucca Mountain site is located about 120 km northwest
of Las Vegas in a semi-arid region. The proposed repository
will be located about 350 m below ground surface within a
thick unsaturated zone (UZ). Subsurface rocks at Yucca
Mountain consist primarily of fractured volcanic tuffs that
vary in degree of welding. To date, a total of about 60 deep sur-
face boreholes have been drilled in the area. In 1996, an 8 km
long underground tunnel, the Exploratory Studies Facility
(ESF), was completed at Yucca Mountain to facilitate more
extensive subsurface testing.

NWP’s work at Yucca Mountain consists of solving many
problems related to multiphase, nonisothermal flow and trans-
port through the UZ. Some of the key questions addressed by
NWP scientists include:

e How much water percolates through the UZ to the
repository at Yucca Mountain?
* What fraction of the water flows in fractures and what
fraction flows through the rock matrix blocks?
e How much of this water will seep into the emplacement
drifts (tunnels)?
* How will radionuclides migrate from the repository to the
water table?
* How will coupled TH (thermal-hydrological), THC (ther-
mal-hydrological-chemical) and THM (ther-
- _\‘\} f mal-hydrological-mechanical) processes affect
B flf:ﬁ flow and transport?
Vil il B
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Gudmundur Bodvarsson
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gsbodvarsson@lbl.gov

To address these questions, the NWP is organized into the
Ambient Testing, Thermal Testing, and Modeling groups, with
support from geophysical studies.

AMBIENT TESTING GROUP

The Ambient Testing group investigates how water flows
through the mountain and how much of this water will seep
into the emplacement drifts. This group has performed vari-
ous tests within the ESFE including fracture-matrix interaction
tests, drift-to-drift tests, the Paintbrush unit test (PTn test), and
niche (short drift) testing. Fracture-matrix interaction tests are
relatively small-scale tests (i.e., covering a few meters) that
focus on the components of water flow in fractures and matrix
blocks and on the interaction between the two continua. The
drift-to-drift tests address the same issues, but on a much larg-
er spatial scale (10-20 m). The test in the Paintbrush unit,
which is an unwelded tuff unit, addresses issues of episodic
flow, effects of faults and large-scale features, and lateral con-
tinuity of flow and transport. This mostly unfractured unit,
directly above the potential repository, is key to dispersing
fracture flow from the fractured units above it, and buffering
the transient behavior of episodic flow. The niche studies
address perhaps the most crucial problem of Yucca Mountain,
i.e., determining the fraction of water that will flow into the
emplacement drifts. The niche studies are carried out by intro-
ducing water into boreholes above the drift opening and meas-
uring what fraction actually seeps into the opening.

THERMAL TESTING GROUP

The Thermal Testing group works in collaboration with
other national laboratories to evaluate the effects of heat on
thermodynamic conditions, fluid flow and transport, and per-
manent property changes in the fractured tuff at and near the
emplacement drifts. The Yucca Mountain Project has complet-
ed the first in situ heater test, called the Single Heater Test. The
project is now conducting a large-scale heater test in a 50 m
long drift. This second test, called the Drift Scale Test (DST), is
intended to resemble the actual conditions that would exist
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when the high-level radioactive waste is placed in the
emplacement drifts. NWP’s roles in the heater tests are to char-
acterize the heater-test rock block (area) prior to testing; to
monitor potential changes in fracture and matrix saturations
through air injections, tracer testing, and ground-penetrating
radar measurements; and to perform predictive TH, THC, and
THM calculations.

The initial characterizations of the heater test areas were
performed with air-injection tests that yield the 3D permeabil-
ity structure of the fracture network. Continued air-injection
testing during heating yielded changes that can be attributed
to changes in fracture saturations or mechanical effects.
Crosshole radar tomography has also yielded very promising
results regarding change in global saturations of the system
caused by heating. Laboratory scientists are also involved with
measurements of the isotopic compositions of gases and con-
densate water collected in instrumented boreholes. Detailed
3D TH, THC, and THM calculations were used to predict the
behavior of the tests.

MODELING GROUP

Berkeley Lab has the primary responsibility for the devel-
opment of the UZ Flow and Transport Model. This is a com-
prehensive, 3D, dual-permeability numerical model that rep-
resents the entire UZ at and near Yucca Mountain. The model
is intended to integrate, within a single computational frame-
work, all of the relevant geological, hydrological, geochemical,
and other observations that have been made at the surface, in
boreholes, and in tunnels at Yucca Mountain. The model is cal-
ibrated against pneumatic moisture tension, matrix potential,
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temperature, geochemical, perched water, and other data from
the UZ. The model is then used to predict all of these variables
in new boreholes and new drifts to be drilled. The degree of
agreement between model predictions and subsequent field
observations indicates the reliability of the model, and pro-
vides guidance as to what additional data need to be collected
and incorporated.

Avery important submodel of the UZ model is the seepage
model, which is on a tens-of-meters scale, versus the UZ
model’s hundreds-of-thousands-of-meters scale. The seepage
model, similar to the UZ model, predicts the results of the
niche tests, which are subsequently modified to match the
actual observations. Another submodel of the UZ model is the
coupled-process THC model, calibrated using the heater test
data and used to estimate the chemistry of water and gas
entering the drifts. All these models—the UZ model, the seep-
age model, and the THC model—are key to the Total System
Performance Assessment of Yucca Mountain, since perform-
ance of the potential repository is only as reliable as these
underlying key models.

FUNDING

The Nuclear Waste Program’s Yucca Mountain Project
research is supported by the Director, Office of Civilian
Radioactive Waste Management, U.S. Department of Energy,
through Memorandum Purchase Order EA9013MC5X
between Bechtel SAIC Company, LLC, and Berkeley Lab. The
support is provided to Berkeley Lab through U.S. Department
of Energy Contract No. DE-AC03-765F00098.

- A
riEae t:{
| sy boam |

Vil il B



Earth Sciences Division
Berkeley Lab

Nuclear Waste Program

Research Summaries
2002-2003

EVALUATION OF SEEPAGE DURING THE THERMAL PERIOD
AT YuCCA MOUNTAIN
Jens T. Birkholzer
Contact: 510/486-7134, jtbirkholzer@lbl.gov

RESEARCH OBJECTIVES

Predicting the amount of water that may seep into waste
emplacement tunnels (drifts) is essential for assessing the per-
formance of the geologic nuclear waste repository at Yucca
Mountain, Nevada. At ambient temperatures, seepage from
the unsaturated fractured tuff into the

after waste emplacement, corresponding to the period when
rock temperature is highest and the vaporization barrier is most
effective (Birkholzer et al., 2003). Even for high percolation flux-
es into the model domain, and strong flow channeling as a result

of fracture heterogeneity, water is not pre-

drifts is reduced by the capillary barrier 1.0
behavior at the rock-drift interface. In addi- 8.0

tion, the fractured rock in the drift vicinity i'g
will be heated to maximum temperatures | _,
of more than 130°C, caused by the radioac- %0_0 -
tive decay of the nuclear waste, and water 20F
percolating down towards the repository -4.0
will be subject to vigorous boiling during | 60

-80F

Sat dicted to penetrate far into the superheated

0.100 . .
0.050 rock during the time that rock temperature

e is above boiling, and model results show no

0o perature has returned to below-boiling con-

0.050

T
4{ 0.030
«&\/ 0,020 seepage (Figure 1). At the time when tem-

ditions and fractures start rewetting at the
drift, the capillary barrier at the drift wall
continues to reduce (or prevent) water seep-

/ .

the first several hundred years following ' ;
waste emplacement. Thus, the superheated
fractured rock forms a vaporization barrier
that may further limit the potential for
seepage. To study the impact of the drift-
scale thermal-hydrological (TH) perturba-
tions, a TOUGH2 simulation model was developed for the pre-
diction of “thermal seepage” (i.e., seepage during the time that
flow is perturbed due to heating).

years of heating

APPROACH

The future TH conditions in the vicinity of waste emplace-
ment drifts at Yucca Mountain are evaluated with a heteroge-
neous dual-permeability process model. The conceptual
framework for describing the TH processes is based on mod-
els that accurately represent the thermal response of large in
situ heater tests. The specific simulation framework for seep-
age is consistent with the modeling method employed in
ambient seepage studies, which was developed based on
model comparisons with liquid-release seepage testing. The
key elements in this method—small-scale fracture permeabili-
ty heterogeneity, relatively weak capillary strength, and the
effect of discrete fractures at the drift wall—have all been
included in the thermal seepage model. Several simulation
cases are performed that cover the expected range of TH con-
ditions at Yucca Mountain. Transient seepage rates during the
period of enhanced temperatures are directly calculated from
the model and compared to the respective seepage rates at
ambient conditions.

ACCOMPLISHMENTS

Simulation results demonstrate that the thermal perturbation
of the flow field—giving rise to increased downward flux from
the condensation zone towards the drifts—is
_-f\-‘\] . strongest during the first few hundred years
LE RN r
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Figure 1. Fracture saturation and liquid flux
vectors for a selected simulation case at 100

age into the drift. Seepage is predicted to
occur for such simulation cases that feature
strongly heterogeneous fracture permeabili-
ty fields, weak fracture capillary strength in
the drift vicinity, and high percolation flux-
es. In these cases, water starts to seep sever-
al hundred to a few thousand years after the rock temperature
has returned to below boiling, the delay caused by the slow sat-
uration buildup in fractures. Seepage amounts increase with
time and asymptotically approach seepage rates estimated for
long-term ambient conditions.

SIGNIFICANCE OF FINDINGS

The model results consistently demonstrate that (1) seepage
does not occur under above-boiling conditions near the drifts,
and (2) seepage under below-boiling conditions does not exceed
the amount of ambient seepage. These findings are very impor-
tant for the performance of the nuclear waste repository; they
are currently being implemented into the performance assess-
ment supporting the license application process.

RELATED PUBLICATION

Birkholzer, J., S. Mukhopadhyay, and Y.W. Tsang, Modeling water
seepage into heated waste emplacement drifts at Yucca
Mountain. Proceedings of the TOUGH Symposium 2003,
Berkeley, California, May 12-14, 2003.
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SYSTEMATIC HYDROLOGICAL CHARACTERIZATION
OF THE TOPOPAH SPRING LOWER LITHOPHYSAL UNIT

Paul Cook and Yvonne Tsang
Contact: Paul Cook, 510/486-6110, pjcook@lbl.gov

RESEARCH OBJECTIVES

Over 80% of the proposed repository for the permanent dis-
posal of high-level radioactive nuclear waste will be situated in
the lower lithophysal unit of the Topopah Spring welded tuff,
Yucca Mountain, Nevada. Within the Exploratory Studies
Facility at Yucca Mountain, a 5 m diameter drift (tunnel), called
the East-West Cross Drift, traverses this lower lithophysal unit.
The welded tuff is intersected by many submeter fractures and
interspersed with lithophysal cavities ranging from 15 to 100 cm
in diameter. The size and spacing of both these features (fractures
and cavities) varies appreciably. This indicates that hydrological
characteristics at one particular location may not be representa-
tive of the entire lower lithophysal unit. Therefore, systematic
testing at regular intervals, unbiased by the knowledge of spe-
cific features, is in progress, with the objective of gaining a
greater understanding of the hydrological characteristics and
associated heterogeneity of this potential repository unit.

APPROACH

Liquid-release (seepage) tests determine the ability of the
open drift to act as a capillary barrier that diverts water around
itself. Seepage into drifts increases the potential for corrosion of
waste canisters and subsequent release of radionuclides.
Seepage tests through this highly heterogeneous rock are being
performed every 30 m along an 800 m stretch of the 5 m diame-
ter drift. Water is released steadily into a series of 20 m boreholes
drilled upward at a 15° angle along the drift crown. Water that
then seeps through the rock is measured by a drip capture sys-
tem, and evaporation area is estimated using time-lapse photog-
raphy. Seepage and evaporation are subtracted from the water
released to determine how much water has been diverted.

Figure 1 shows a series of time-lapse photos taken of the
drift crown as water from a test seeps through. These photos
were taken about 6 days apart and show a gradual decrease in
the rate of wetting. The photos show the evaporation pan with
its white umbrella, which prevents seepage from accidentally
filling the pan. The wire mesh (also shown) has a 7.5 cm spac-
ing, which is used to estimate the size of the wet patch.
Multiplying this size by the flux from the pan yields the amount
of evaporation from the crown. The photos also help determine
when the first seep occurs after initiation of water release and
how the flow first intersects the drift, whether it be by fractures,
through cavities, or in the matrix itself. In addition, these photos
help pinpoint whether a threshold water-release-rate value
exists, below which no water enters the drift.
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ACCOMPLISHMENTS AND
SIGNIFICANCE OF FINDINGS

Testing has progressed through the fifth of the series of
boreholes along the drift. As the systematic hydrological test-
ing progresses, a catalogue of flow characteristics for the drift
is being developed. Not only can the various flow characteris-
tics themselves be logged, but the distances for which they
persist along the drift can now also be measured. Length scales
from 1 to 23 m, with flow characteristics up to 100% imperme-
ability and 100% diversion, have now become apparent,
because of the expansive coverage of drift that can be tested
with the systematic approach.
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Figure 1. Time-lapse photos of the drift crown under a section
of borehole being tested
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INVESTIGATING HOW THE MULTISCALE HETEROGENEITY OF HYDROGEOLOGIC
PROPERTIES AFFECTS FLOW AND TRANSPORT AT YUCCA MOUNTAIN, NEVADA
Paul Cook and Joe Wang
Contact: Paul Cook, 510/486-6110, pjcook@lbl.gov

RESEARCH OBJECTIVES

Much of the exposed rock within the underground tunnels
at the proposed repository site for disposal of high-level
radioactive nuclear waste at Yucca Mountain, Nevada, has
been mapped for fractures and cavities. It is thought that such
features (the fractures and cavities) would be the most likely
pathways for possible hydrological flow. Yet surface feature
mapping gives very little indication as to the capability of
these features to transmit fluids. An ongoing effort to dynam-
ically “map” potential hydrological features of this type, using
pneumatic testing at the Yucca Mountain Exploratory Studies
Facility (ESF), has been under way as part of the systematic
testing program there. Systematic testing at regular intervals,
the choice of which is unbiased by previous knowledge of spe-
cific features (such as large fractures or an extra abundance of
fractures/ cavities), is in progress. This type of testing is crucial
for understanding the overall hydrological characteristics and
associated heterogeneity of the proposed repository units.

APPROACH

Pre-existing 4 m boreholes, drilled at regular intervals every
5 to 10 m along a 500 m “rib” (wall) of the ESF Main Drift, facil-
itate a series of pneumatic tests utilizing a borehole packer.
Using this packer with pneumatic flow control and pressure
measurement equipment enables an air-permeability profile to
be developed for each of these boreholes. The spatial resolution
of these profiles can be adjusted from the length of the whole
borehole down to 0.33 m, allowing different scales of features
inside the holes to be measured for air permeability. A statisti-
cal understanding of the size of impermeable blocks within the
holes and of the frequency and spacing of high-flow features is
being developed.

ACCOMPLISHMENTS AND
SIGNIFICANCE OF FINDINGS

Testing has progressed through 29 of the series of boreholes.
Figure 1 shows the permeability profiles at the 0.33 m resolution
in the 29 boreholes along a 230 m section of the drift. There is
one borehole longer than the others that is thought to intersect
the Sundance Fault of Yucca Mountain. A higher permeability at
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that location (caused by the fault) may account for the higher
peak in the profile seen towards the end of that borehole. That
some boreholes have extremely low permeability near the rib is
somewhat counterintuitive, when considering that the atmos-
pheric boundary at the rib might bias the measurement to a
higher value. The presence of the drift itself, however, may
cause existing features, particularly if near-horizontal, to close
under load, lowering their permeability. As the systematic
pneumatic testing progresses, a catalogue of flow characteristics
for a growing length of drift is being developed in two dimen-
sions, spanning a range of scales from the 0.33 m interval length,
to borehole scale, to drift scale (obtained from borehole-to-bore-
hole comparisons).
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Figure 1. The section of the ESF Main Drift that has been pneu-
matically profiled
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GEOTHERMAL SYSTEMS AS NATURAL ANALOGUES FOR YUCCA MOUNTAIN
COUPLED PROCESSES
Patrick Dobson and Timothy Kneafsey
Contact: Patrick Dobson, 510/486-5373, pfdobson@Ibl.gov

RESEARCH OBJECTIVES

Geothermal systems provide an ideal opportunity for anhydrite, and calcite) occurring within fracture flow pathways
examining the long-term effects of coupled thermal-hydrolog- can form effective permeability barriers. Self-sealing zones
ical-chemical (THC) processes observed in core samples in the
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radioactive waste in fractured ash . a should result in less extensive water-
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flow tuffs through characterization rock interaction than is observed in

of the effects of water-rock interac- | Figure 1. Simplified log of the geology, porosity, and | geothermal systems. Current THC

tion in geothermal systems. matrix permeability of the Y-8 Yellowstone core. | models for Yucca Mountain predict
Silicification in the lower portion of the volcaniclastic that while both amorphous silica and
APPROACH sandstone unit has resulted in reductions in porosity and

s . . calcite will precipitate in the near-
A tensive literatu . permeability, thereby forming an effective seal to the field . t sienifi ¢ f
n extensive literature review was | | derlying convecting geothermal reservoir. ield environment, significant frac-

performed to identify well-character- ture sealing is unlikely.
ized examples of THC processes in active and fossil geothermal

systems. Special attention was given to processes such as heat RELATED PUBLICATIONS

and fluid flow, chemical transport, boiling and dryout, conden- Simmons, A.M., Natural Analogue Synthesis Report. Report
sation and mineral dissolution, and mineral alteration and pre- TDR-NBS-GS-000027 REV00 ICN 02, Bechtel SAIC
cipitation. In addition, a detailed examination of core samples Company, Las Vegas, Nevada, 2002.
from the Yellowstone geothermal system was conducted to eval- Dobson, PF,, T.J. Kneafsey, ]. Hulen, and A. Simmons, Porosity,
uate the effects of lithology and hydrothermal alteration on permeability, and fluid flow in the Yellowstone geother-
porosity and permeability. mal system, Wyoming. J. Volcanol. Geotherm. Res., 123,
313-324, 2003.

ACCOMPLISHMENTS

The review identified key THC processes in geothermal sys- ACKNOWLEDGMENTS
tems and evaluated their relevance to Yucca Mountain. Fluid flow This work was supported by the Director, Office of Civilian
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of minerals can be triggered by boiling, water-rock interaction, Bechtel SAIC Company, LLC, and the Ernest Orlando
heating and cooling of fluids, and fluid mixing. Mineral solubili- Lawrence Berkeley National Laboratory (Berkeley Lab). The
ties, reaction-rate kinetics, and the flux, chemistry, and tempera- support is provided to Berkeley Lab through
ture of circulating fluids control the rates and volumes of miner- the U.S. Department of Energy Contract No. _\'\_l
alization. Mineral precipitation (typically silica, clays, zeolites, DE-AC03-76SF00098. s ‘!{
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DEVELOPMENT OF NUMERICAL GRIDS FOR UNSATURATED ZONE FLOW AND
TRANSPORT MODELING
Patrick Dobson, Lehua Pan, Yu-Shu Wu, and Randy Hedegaard
Contact: Patrick Dobson, 510/486-5373, pfdobson@Ibl.gov

RESEARCH OBJECTIVES

Numerical grid generation is an integral part of the devel-
opment of numerical models used for simulating unsaturated
zone (UZ) flow and transport at Yucca Mountain. Previous
studies at Yucca Mountain have generated detailed informa-
tion on the geologic and hydrological properties of the UZ.
Information on the stratigraphy, orientation, and location of
faults, presence of vitric and zeolitic subunits, hydrological
properties of the different hydrogeologic units, the location of
the water table, and the design and location of proposed repos-
itory drifts can be used to develop complex 3-D numerical
grids. The objective of this work is to construct numerical
grids that provide the necessary resolution for subsequent UZ
hydrological-property and flow calibration and mountain-
scale flow and transport simulations for the Yucca Mountain
system.

APPROACH

Numerical grid generation is an iterative process that must
achieve a proper balance between desired numerical accuracy
(requiring more gridblocks) and short computational time
(requiring fewer gridblocks). Fault and stratigraphic contact
data obtained from the Yucca Mountain Geologic Framework
Model were used in conjunction with hydrogeologic unit def-
initions to form the basis for the development of numerical
grids. Other key input data included the location of calibra-
tion boreholes, the proposed repository layout, the water table
surface (which forms the lower boundary of the UZ), and the
location of zeolitic and vitric tuffs within the Calico Hills non-
welded units. These data were used as input for the
WinGridder software package to develop 1-D, 2-D, and 3-D
numerical grids (Figure 1). The resulting grids were checked
using visual inspection and test simulations to verify the accu-
racy of the mesh and gridblock connections. Fracture data
were used along with the program 2kgrid8.for to transform
the effective-continuum model 3-D grid into the dual-perme-
ability 3-D numerical grid required for conducting flow and
transport models in heterogeneous, fractured rocks.

ACCOMPLISHMENTS

Arevised set of 1-D, 2-D, and 3-D numerical grids was gen-
erated for use in numerical modeling of UZ flow and transport
at Yucca Mountain. These grids incorporated changes made to
the Yucca Mountain Geologic Framework Model, the UZ
Model area boundaries, the position of the water table, the
proposed repository design, and the location of vitric and
zeolitic subunits in the Calico Hills nonwelded tuffs. The new
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grids also contained enhanced vertical resolution in selected
units to better resolve processes such as lateral flow.

SIGNIFICANCE OF FINDINGS

The resulting numerical grids have been used for calibra-
tion of hydrogeologic unit properties and flow fields, testing of
conceptual models of UZ flow and transport, and simulation
of mountain-scale flow and transport behavior for the Yucca
Mountain system under a variety of climatic and thermal-
loading conditions.

RELATED PUBLICATION

Dobson, PF, L. Pan, and R. Hedegaard, Development of
numerical grids for UZ flow and transport modeling. ANL-
NBS-HS-0000015 REV01, BSC, Las Vegas, Nevada, 2003.
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Figure 1. East-west cross section from the UZ Model Grid.
Model layers represent hydrogeologic units derived from the
Yucca Mountain Geologic Framework Model. Numbered col-
umn pairs were used to compare contact elevations obtained
from the UZ Model and the Geologic Framework Model.
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SCALING AND HIERARCHY OF MODELS FOR FLOW PROCESSES
IN UNSATURATED FRACTURED ROCK
Boris Faybishenko, G.S. Bodvarsson, Jennifer Hinds!, and Paul A. Witherspoon

1University of Idaho, Moscow, Idaho
Contact: Boris Faybishenko, 510/486-4852, bafaybishenko@Ibl.gov

RESEARCH OBJECTIVE

The goal of this research is to investigate whether a hierar-
chy of scales is needed to conduct measurements and develop
models for an accurate description of the spatial-temporal
behavior of flow and transport processes in unsaturated frac-
tured rock.

APPROACH

The alternative approach to volume-averaging and scaling
in unsaturated fractured rock is to use a hierarchy of scales.
This approach is based on a system structure, i.e., the classifi-
cation of a graded (ranked) series of system parts (subsys-
tems). Each subsystem is dominant over those below it and
dependent on those above it.

The concept of a hierarchy of scales in unsaturated frac-
tured rock involves the following scales: elemental—for labora-
tory cores or a single fracture at a field site; small scale (approx-
imately 0.1-1 m2)—for a single fracture, including fracture-
matrix interaction, film flow, and dripping water phenomena;
intermediate scale (approximately 10~100 m2)—for flow in the
fracture network on a field scale, and large scale—for the frac-
ture and fault network flow. Each of these scales should be
investigated on a minimum of three hierarchical levels. For the
level of interest, called Level 0, a hierarchy should include at
least one hierarchical level above it, called Level +1, and at
least one hierarchical level below it, called Level -1. The low-
frequency behavior at Level +1 constrains the higher-frequen-
cy dynamics of Level 0 and thus determines the system bound-
ary condition, constraining the system behavior over time.
Because small-scale intrafracture flow processes are neither
physically nor geometrically analogous to large-scale fracture-
network processes, different conceptual approaches are
required for modeling at different scales.

ACCOMPLISHMENTS

Figure 1 presents an example of a hierarchy of scales for
flow processes in fractured tuff at the Yucca Mountain site. If
Level 0 investigations are conducted to develop an intermedi-
ate-scale model (e.g., flow and transport processes in a fracture
network around a tunnel, lateral flow at the interface between
the Tiva Canyon and Paintbrush (PTn) hydrogeologic units,
dispersion in the PTn unit, and a perched-water zone at the
Topopah Spring and Calico Hill interface), Level -1 investiga-
tions include the study of small-scale processes taking place in
small fractures and lithophysal zones (e.g., seepage, evapora-
tion caused by tunnel ventilation, and intrafracture fingering).
Level +1 investigations should be used to assign boundary con-
ditions for the whole TSw unit. We have found that a trace
length of 2 m represents a critical fracture length separating
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small and intermediate scales. A length of 10 m represents a
critical fracture length separating intermediate and large scales.

SIGNIFICANCE OF FINDINGS

The concept of a hierarchy of scales and models will
improve predictions of both water seepage and chemical trans-
port through unsaturated fractured rocks at different scales,
and reduce uncertainty in predictions of such processes.

RELATED PUBLICATION

Faybishenko, B., G.S. Bodvarsson, P.A. Witherspoon, and J.
Hinds, Scaling and hierarchy of models for flow processes
in unsaturated fractured rock. In: Scaling Methods in Soil
Physics (Y.A. Pachepsky, D.E. Raddliffe and H. M. Selim,
eds.), pp. 373417, CRC Press, LLC, 2003.

Figure 1. A hierarchy of scales for flow processes in fractured tuff
at Yucca Mountain
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EVAPORATION FROM A SEEPAGE FACE
Stefan Finsterle, Teamrat A. Ghezzehei, Rob C. Trautz, C.F. (Rick) Ahlers, and Paul J. Cook
Contact: Stefan Finsterle, 510/486-5205, safinsterle@lbl.gov

RESEARCH OBJECTIVES

Dripping of water into waste emplacement drifts may criti-
cally affect the integrity of waste packages and the mobilization
of radionucdlides. To characterize seepage from fractured rocks,
we release water from boreholes drilled above an underground
opening, and collect it as it drips into the cavity. These seepage
data are often influenced by evaporation effects caused by drift
ventilation.

The objectives of this research
are (1) to understand the evapora-
tion mechanism at a rock surface, | 6
(2) to study the coupling between
near-surface flow in fractured | 5
rock and evaporation, (3) to
examine the effect of evaporation | 4
on seepage, (4) to develop effec-
tive simulation capabilities for
unsaturated flow and seepage
under evaporative conditions, (5)
to analyze evaporation and lig-
uid-release experiments, and (6)
to predict seepage into ventilated -3
waste emplacement drifts.

APPROACH

The research objectives are
achieved by (1) monitoring rela-
tive humidity and ventilation conditions, (2) measuring evapo-
ration potential, (3) observing wetting patterns at the drift ceil-
ing during liquid-release tests, (4) implementing an evapora-
tion boundary condition into an unsaturated flow simulator, (5)
calibrating the model against evaporation and seepage data,
and (6) using the calibrated model to estimate total evaporation
rates and relating them to other terms affecting seepage.

ACCOMPLISHMENTS

We incorporated evaporation effects into the numerical
simulator by modeling them as a saturation-dependent
Fickian diffusion process. The evaporation boundary-layer
thickness was then estimated based on data from free-water
evaporation experiments conducted under known relative
humidity, temperature, and ventilation conditions. A three-
dimensional, heterogeneous fracture continuum model was
developed to simulate liquid-release tests. The figure shows
the saturation distribution under natural percolation condi-
tions. Despite continuous downward flow of water, a dry-
out zone develops around the cavity (caused by the reduced
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Figure 1. Saturation distribution around a ventilated underground
opening, showing the dryout zone caused by evaporation effects

relative humidity in the opening), preventing seepage from
occurring and affecting the onset of dripping once water is
injected from the borehole. The transient release of water
from the borehole was simulated along with time-depend-
ent changes in relative humidity. Seepage-relevant parame-
ters were estimated by calibrating the model against the
cumulative seepage amount
observed in the opening. The

6 modeling results indicate that
evaporation effects in a venti-

5 lated tunnel are significant, i.e.,
T they have to be accounted for
4:‘ during model calibration and

predictive calculations.

SIGNIFICANCE OF
2 FINDINGS

g Compared to previous models
16

D that neglected the effect of evapo-
N ration, this new approach shows
significant improvement in cap-
turing observed seepage fluctua-
tions into ventilated underground
openings. Accounting for evapo-
ration effects reduces the potential
bias in the estimation of seepage-
relevant parameters. It also allows for a better understanding of
the mass balance during liquid-release tests, and thus provides
more confidence in the use of the calibrated model for simula-
tions of seepage under different ventilation conditions.

1

RELATED PUBLICATION

Ghezzehei, T, S. Finsterle, and R. Trautz, Evaluating the effec-
tiveness of liquid diversion around an underground open-
ing when evaporation is non-negligible. Proceedings of the
TOUGH Symposium 2003, Berkeley, California, May
12-14, 2003.
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EFFECTS OF INDUCED CONVECTION ON FAR-FIELD GROUNDWATER FLOW
Kazumasa Ito and Kenzi Karasaki
Contact: Kazumasa Ito, 510/486-6985, kito@lbl.gov

RESEARCH OBJECTIVES

In the safety assessment of nuclear waste disposal, the influ-
ence of heat convection on the groundwater flow field cannot be
neglected. This influence should be estimated by conducting a
thermal-hydrological (TH) numerical analysis at the site charac-
terization stage. However, as a first step, it is worthwhile to esti-
mate the influence of heat convection using only the thermody-
namic parameters obtained from existing data.

The objective of this research is to estimate the influence of
heat convection on the natural groundwater flow system,
employing a dimensionless parameter from case studies using a
TH coupled model.

APPROACH

For this sensitivity study, the coupled heat and hydraulic
simulation code TOUGH2 is applied to a vertical two-dimen-
sional model with an area 10,000 m long and 3,000 m deep.
Induced convection is generated by the hydraulic gradient
(0.01) dictated by the assigned topography. The model is sat-
urated with water, with a constant pressure at the upper
boundary and impermeable lower and side boundaries. The
upper and lower boundaries are set at a constant tempera-
ture, while side boundaries are insulated.

In this study, we use representative physical properties of
a sedimentary rock. The vertical temperature gradient is set
at 0.02°C/m. Variable permeabilities within two orders of
magnitude are assigned to the model. From the results of case
studies, we extract the average velocity along the particle
stream traces from six starting points and the maximum ver-
tical velocity in the model, and use them as qualitative indi-
cators to evaluate the relative influence of heat convection.
For comparison, we carried out simulations with the same
hydraulic properties and the initial temperature distribution
without heat transfer as the uncoupled model for each
respective case.

ACCOMPLISHMENTS

To estimate the influence of thermal convection, we used the
Peclet number, which denotes the ratio between advection and
thermal diffusion. Figure 1 shows representative results from
three cases depicting temperature distributions and stream
traces. From these results, we can see that when the permeabili-
ty is large, the recharge zone becomes larger, and the low-tem-
perature area also becomes larger because of the increasing
recharge of low-temperature water. Both the average velocity
along the stream traces and the maximum vertical velocity
increase as the Peclet number increases. However, the velocity
ratios of the TH coupled model to the uncoupled model both
decrease when the Peclet number exceeds 2.0.
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In a high-permeability condition, the flow of cold water
from the surface dominates the temperature distribution, and
almost the entire area becomes a low-temperature zone. On
the other hand, if the Peclet number is less than 0.2, the veloc-
ity ratio is less than 1.1, which means that the error in the
uncoupled model is only about 10%.
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Figure 1. The temperature distribution and stream traces from
three representative cases of coupled TH simulations with
induced convection

SIGNIFICANCE OF FINDINGS

It was shown that the Peclet number is a useful indicator
for predicting the influence of thermal convection on ground-
water flow. When the Peclet number is small, the influence of
heat convection is small because of the slow velocity. There is
a critical Peclet number (a function of the topography) above
which the influence of heat convection becomes significant.

ACKNOWLEDGMENTS

This work has been supported by Taisei Corporation under

U.S. Department of Energy Contract No. DE- _

ACO03-76SF00098.
CreTTe

|'é|. E T i




Earth Sciences Division
Berkeley Lab

Nuclear Waste Program

Research Summaries
2002-2003

INVESTIGATION OF UNCERTAINTY IN HYDROGEOLOGIC MODELING OF FLOW AND
TRANSPORT IN A LARGE, SATURATED GRANITIC ROCK MASS

Kenzi Karasaki, Christine Doughty, and Kazumasa Ito
Contact: Kenzi Karasaki, 510/486-6759, kkarasaki@lbl.gov

RESEARCH OBJECTIVES

The objectives of this project are: (1) to evaluate the uncer-
tainty involved in modeling flow and transport in a large granitic
rock mass, and (2) to seek ways of reducing that uncertainty.

APPROACH

A number of international research organizations are partici-
pating in this project. Each has been building a model and con-
ducting simulations of groundwater flow and transport using the

SIGNIFICANCE OF FINDINGS

Our findings indicate that the hydraulic structure of the fault
likely resembles a sandwich, with a low-permeability core and
high-permeability zones on both sides of the core. This structure
may generally describe reverse faults in a crystalline rock. Also,
borehole temperature data may be used to reduce the uncertain-
ties of a hydrological model. Finally, large-scale pressure distur-
bance data may be used to infer the effective permeability and
porosity of a large fractured rock mass.

same set of information from a site in the Tono area
of Gifu, Japan. The base data set is an accumulation
of the past several years’ field investigations and
include geological, hydrological, geophysical, and
geochemical data. As a new set of data becomes
available, predicted flow rates and particle travel
times through the model are compared among the
different models. So far, flow rates and travel times
differ by three to four orders of magnitude. One
focus of the study is to find the cause of these differ-
ences among the models. Another focus is to evalu-
ate how much the model improves as new data
become available.

In our conceptual model, we use stochastic per-
meability and porosity distributions to represent
fractured rock as an effective continuum. Only
large-scale features such as fault zones, lithologic
layering, natural boundaries, and surface topogra- I
phy are incorporated deterministically. Because the
effective porosity of a large rock mass cannot be
measured directly, it has to be estimated indirectly
from several different types of data, using scientific

judgment. Another large uncertainty stems from the
hydraulic properties of faults, although some infer-

ences can be made from measured hydraulic heads.
color-coded.

Figure 1. Three-dimensional perspective view of the model used for the TOUGH2
and iTOUGH?2 simulations of the 9 km x 9 km x 2 km region. Material types are

ACCOMPLISHMENTS

We have built and continuously updated a model that gener-
ally satisfies the observed pressure-head data. We have made use
of temperature measurements to distinguish between two plausi-
ble boundary conditions for the model. The most recent update to
the model was made using large-scale dynamic-pressure-distur-
bance data, which prompted us to increase the effective porosity
value by fifty fold. We also expanded the boundary of our 4 km x
6 km x 3 km model to build a 9 km x 9 km x 2 km model. The lat-
ter appears to better define a hydrological basin. We used an
inversion program, iTOUGH?2, to estimate the permeability of a
major fault by matching the steady-state head distribution.

Vil il B

RELATED PUBLICATION

Doughty, C., and K. Karasaki, Constraining hydrologic models
using thermal analysis. In: Proceedings, Rock Mech. Symp.,
Japan Society of Civil Engineers, Tokyo, Japan, January
23-24, 2003.
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FRACTURE SEALING BY MINERAL DISSOLUTION AND PRECIPITATION AT YUCCA MOUNTAIN
Timothy J. Kneafsey, Patrick E Dobson, Eric L. Sonnenthal, John A. Apps, and Nicolas Spycher
Contact: Timothy J. Kneafsey, 486-4414, tjkneafsey@lbl.gov

RESEARCH OBJECTIVES

The emplacement of heat-generating waste at the proposed
Yucca Mountain repository site will induce several processes
to occur. Water naturally present in the rock will evaporate or
boil, and this vapor will condense at a distance from the pro-
posed repository, where the rock is cooler. The condensate will
dissolve the host rock (tuff), and the dissolved constituents
will precipitate if the water is boiled away. Mineral precipita-
tion in fractures above the proposed repository could plug
flow paths and reduce the probability of water seeping into the
repository. Our research objectives are to provide a better
understanding of (1) tuff dissolution under conditions expect-
ed in the proposed repository, (2) mineral precipitation in frac-
tures, and (3) how these processes might affect the perform-
ance of such a proposed repository.

APPROACH

Our approach was to experimentally and numerically inves-
tigate tuff dissolution caused by water condensation in fractures
and mineral precipitation in fractures subjected to a thermal
gradient with a boiling region. We used anticipated temperature
and pressure conditions in the proposed repository.

Figure 1. Brldgmg structures (1dent1f1ed w1th arrows): (a)
extending outward from flat fracture face; (b) spanning aper-
ture in cross-cutting natural fracture. Scale bars are 0.5 mm.

ACCOMPLISHMENTS

We replicated mineral dissolution by vapor condensate in
fractured tuff by flowing water through crushed Yucca
Mountain tuff at 94°C. We monitored the chemistry of the
water passing through the crushed tuff to provide information
on tuff dissolution. The steady-state fluid composition had a
total-dissolved-solids content of about 140 mg/L, and silica
was the dominant dissolved constituent. We flowed a portion
of this mineral-laden water into a vertically oriented planar
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(saw cut) fracture in a block of welded Topopah Spring Tuff
that was maintained at 80°C at the top and 130°C at the bot-
tom. In the boiling region, the precipitation of amorphous sili-
ca from the water began to seal the fracture within 5 days.
Upon opening the fracture, we observed the structure of the
precipitate: precipitate coated the fracture walls and formed
bridging structures that plugged the aperture. On the right
side of Figure 1, we see bridging structures extending out from
the fracture wall, and in the cross-cutting fracture shown on
the left, both the fracture coating and bridging structures are
visible.

A one-dimensional plug-flow numerical model was used
to simulate mineral dissolution, and a similar model was
developed to simulate the flow of mineralized water through
a planar fracture, where boiling conditions led to mineral pre-
cipitation. Predicted concentrations of the major dissolved
constituents for the tuff dissolution were within a factor of 2 of
the measured average steady-state compositions. The mineral
precipitation simulations predicted the precipitation of amor-
phous silica at the base of the boiling front, leading to a greater
than 50-fold decrease in fracture permeability in 5 days, con-
sistent with the laboratory experiment. These results help val-
idate the use of a numerical model to simulate thermal-hydro-
logical-chemical processes at Yucca Mountain.

SIGNIFICANCE OF FINDINGS

The experiment and simulations indicated that precipita-
tion of amorphous silica could cause significant reductions in
fracture porosity and permeability on a local scale. However,
differences in fluid flow rates and thermal gradients between
the experimental setup and anticipated conditions at Yucca
Mountain need to be factored into scaling of the results.

RELATED PUBLICATION

Dobson, PF,, TJ. Kneafsey, E.L. Sonnenthal, N. Spycher, and J.A.
Apps, Experimental and numerical simulation of dissolu-
tion and precipitation: Implications for fracture sealing at
Yucca Mountain, Nevada. Journal of Contaminant
Hydrology, 62-63, 459476, 2003.
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SCALE DEPENDENCY OF THE EFFECTIVE MATRIX DIFFUSION COEFFICIENT
Hui-Hai Liu, Gudmundur S. Bodvarsson, and Guoxiang Zhang
Contact: Hui-Hai Liu, 510/486-6452, hhliu@Ibl.gov

RESEARCH OBJECTIVES

The exchange of solute mass (through molecular diffusion)
between fluid in fractures and fluid in rock matrix is called
matrix diffusion. Owing to the order-of-magnitude slower
flow velocity in the matrix compared to fractures, matrix dif-
fusion can significantly retard contaminant transport in frac-
tured rock. The effective matrix diffusion coefficient is an
important parameter for describing this matrix diffusion, in
that it largely determines overall contaminant transport
behavior in fractured rock (in many cases). Such diffusion
coefficient values measured from small-scale rock samples in
the laboratory have been directly used for modeling large-
scale radionuclide transport at the proposed Yucca Mountain
nuclear waste repository site (and many other sites). However,
some preliminary studies have indicated that field-scale
matrix diffusion coefficient values are different from local val-
ues. The major objective of this work is to determine if a rela-
tionship exists between the effective matrix diffusion coeffi-
cient and test scales.

APPROACH

A number of field-scale tracer tests in fractured rocks have
been conducted and interpreted by different research groups
worldwide. Effective matrix diffusion coefficients, published
in the literature and estimated from the relevant tracer tests,
were surveyed. To detect the potential scale-dependence of the
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Figure 1. Effective matrix diffusion coefficient as a function of
test scale. RD refers to the effective coefficient value (estimated
from field data) divided by the corresponding local value.
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effective matrix diffusion coefficient, we compiled the ratio of
an estimated effective matrix diffusion coefficient to its local
value (corresponding to a small core sample) as a function of
test scale (Figure 1).

ACCOMPLISHMENTS

As demonstrated in Figure 1, the effective matrix diffusion
coefficient may be scale-dependent and generally increases
with test scale. The mechanisms behind this surprising scale-
dependency behavior are not totally clear. We offered a pre-
liminary explanation based on the hypothesis that solute trav-
el paths within a fracture network are fractals (Liu et al., 2003).
We believe that the scale dependency of the effective matrix
diffusion coefficient actually results from the scale dependen-
cy of the fracture-matrix interface area (as a result of fractal
solute-travel paths).

SIGNIFICANCE OF FINDINGS

While the scale dependency of permeability and dispersiv-
ity has been known for many years in the subsurface hydrolo-
gy community, we demonstrate—for the first time—that the
effective matrix diffusion coefficient may also be scale-
dependent, specifically increasing with test scale. This finding
has many important implications for problems involving
matrix diffusion. For example, the simulated radionuclide
travel time within the unsaturated zone of Yucca Mountain
may be significantly underestimated when this scale-depend-
ent behavior is not considered. However, more carefully
designed field tests and numerical experiments are still need-
ed to confirm this scale-dependent behavior and to develop
more rigorous theoretical explanations.

RELATED PUBLICATION

Liu, HH., G.S. Bodvarsson, and G. Zhang, Scale dependency of
the effective matrix diffusion coefficient. Vadose Zone
Journal, 2003 (in press); Berkeley Lab Report LBNL-52824,
2003.
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THE ACTIVE FRACTURE MODEL AND FRACTAL FLOW BEHAVIOR
Hui-Hai Liu, Guoxiang Zhang, and Gudmundur S. Bodvarsson
Contact: Hui-Hai Liu, 510/486-6452, hhliu@Ibl.gov

RESEARCH OBJECTIVES

Continuum approaches are commonly used for modeling
flow and transport in unsaturated fractured rocks. A traditional
continuum approach assumes uniformly distributed flow pat-
terns at a subgrid scale and therefore cannot be used for repre-
senting gravity-driven fingering flow and transport in fracture
networks. In an effort to incorporate this figuring flow behavior
into the continuum approach, Liu et al. (1998) developed the
active fracture model (AFM), which assumes that only a portion
of fractures in a connected unsaturated fracture network con-
tributes to liquid water flow. The major objective of this work is
to provide a further evaluation of the AFM, based on both theo-
retical arguments and field observations (Liu et al., 2003).

APPROACH

A flow system exhibits so-called fractal flow behavior
when the corresponding flow patterns can be characterized by
fractals. Many laboratory and field experiments have shown
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Figure 1. Relation between the number of boxes (N) covering at
least one coated fracture, and box size 1. The fitting of the solid
line (corresponding to a power function) with the data points
indicates a fractal pattern.

that complex fingering flow patterns in unsaturated porous
media are fractal patterns. We used a box-counting approach
to detect fractal flow patterns from spatial distributions with-
in coated fractures (a sign of water flow within fractures) in the
Yucca Mountain unsaturated zone (Figure 1). The theoretical
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relationship between the AFM and fractal flow patterns was
also explored. AFM-based simulation results were then com-
pared to C-14 and fracture coating data to check the validity of
the AFM.

ACCOMPLISHMENTS

We demonstrated that flow patterns in unsaturated frac-
tured rock, like those in unsaturated porous media, are fractal
(Figure 1). While the AFM was initially developed as an empir-
ical model, a rigorous theoretical relation between AFM and
the fractal flow pattern was established. Comparisons between
model simulations and the relevant field observations support
the validity of the AFM.

SIGNIFICANCE OF FINDINGS

The inadequacy of numerical models in predicting fast
flow and transport processes has been a significant problem
for many unsaturated systems. In this work, we showed that
complex unsaturated flow patterns in both porous media and
fractured rock are fractal patterns, and that the AFM can cap-
ture this important behavior at the subgrid scale. Because of
the relative simplicity of fractal-based characterizations, we
believe that the fast flow behavior in unsaturated systems can
be successfully captured by the improved large-scale continu-
um approach. This is partially supported by the consistency
between simulation results based on the AFM and field obser-
vations from the Yucca Mountain unsaturated zone. Future
work will focus on the possibility of extending the AFM to
unsaturated porous media.

RELATED PUBLICATIONS

Liu, H. H., C. Doughty, and G. S. Bodvarsson, An active fracture
model for unsaturated flow and transport in fractured
rocks. Water Resour. Res., 34, 26332646, 1998.

Liu, HH., G. Zhang, and G.S. Bodvarsson, The active fracture
model: Its relation to fractal flow behavior and a further
evaluation using field observations. Vadose Zone Journal,
2, 259-269, 2003.
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IMPLICATIONS OF HALIDE LEACHING ON CHLORINE-36 STUDIES AT YUCCA MOUNTAIN

Guoping Lu, Eric L. Sonnenthal, and Gudmundur S. Bodvarsson
Contact: Guoping Lu, 510/495-2359, gplu@Ibl.gov

RESEARCH OBJECTIVES

Chlorine-36 generated from worldwide nuclear tests in the
1950s and 1960s has been used to identify fast flow paths at
Yucca Mountain, Nevada, the proposed site for a national
high-level nuclear waste repository. Fast flow refers to prefer-
ential transport of water through faults or fractures in sur-
rounding rock media with relatively low permeability. Bomb-
pulse 36Cl carried into the subsurface by infiltrating rainwater
presumably resides along fracture surfaces. However, leaching
a rock sample to extract this salt inevitably extracts pore-water
chloride (Cl) and rock chloride from the matrix as well. The
work described here contributes to the understanding of leach-
ing processes for the ongoing validation study of 36Cl at Yucca
Mountain.
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Figure 1. Model results indicating effects of chip size, leaching
time, and rock pore water composition on 36Cl/Cl for leachate
at 1 hour and 48 hours simulated leaching time presented for
rock samples from TCw, PTn, and TSw

APPROACH

In this work, we developed both a conceptual and numer-
ical model (as well as a mathematical solution) for leaching
processes. First, an analytical solution for diffusion of Cl and
36Cl in composite media (rock matrix and water) was derived
to accommodate variable diffusivity. Second, a leaching model
was developed to take into account various Cl sources, includ-
ing matrix pore water and less-easily-leached components
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(isolated fluid inclusion and mineral boundary salts). Third,
the leaching model was applied to samples from Yucca
Mountain stratigraphic units—the Tiva Canyon welded tuff
(TCw), the Paintbrush nonwelded tuff (PTn), and the Topopah
Spring welded tuff (TSw).

ACCOMPLISHMENTS

Our models successfully examined the role of sample leach-
ing in the 36Cl studies at Yucca Mountain. They simulated the
effect of leaching time, sample size, and active and passive leach-
ing. Model results show that the probability of detecting a
36C1/Cl bomb-pulse signal was severely diminished at longer
leaching times and with smaller rock fragment sizes (Figure 1).
Bomb-pulse signals in the TSw welded tuff were the least sup-
pressed, because of lower concentrations in the pore water.
However, bomb-pulse signals at TCw and PTn were “masked”
(had limited detectability) because of higher matrix-pore-water
Cl concentrations. Leaching times of 1 to 10 hours were more
likely to reveal detectable bomb-pulse signals (if they were pres-
ent). Bomb-pulse 36Cl/Cl ratios were also more likely to be
obtained when pore-water Cl concentrations were initially low.

SIGNIFICANCE OF FINDINGS

These research results demonstrate the effects of various
factors in leaching experiments and provide much-needed the-
oretical guidelines for leaching protocols of 36Cl study. The
findings are expected to shed a great deal of light on the repro-
ducibility debate in current 36Cl validation studies.

RELATED PUBLICATIONS

Lu, G, E. L. Sonnenthal, and G. S. Bodvarsson, Implications of
halide leaching on chlorine-36 studies at Yucca Mountain,
Nevada. Water Resources Research, 2003 (submitted).
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3-D STUDIES OF MOUNTAIN-SCALE RADIONUCLIDE TRANSPORT IN
THE UNSATURATED ZONE AT YUCCA MOUNTAIN, NEVADA
George J. Moridis, Yonkoo Seol, and Yu-Shu Wu
Contact: George Moridis, 510/486-4746, gjmoridis@lbl.gov

RESEARCH OBJECTIVES

The U.S. Department of Energy is actively investigating the
technical feasibility of permanently disposing high-level nuclear
waste in an appropriate repository proposed for the unsaturated
zone (UZ) at Yucca Mountain, Nevada.

tuffs. Diffusion from the fractures into, and subsequent sorp-
tion onto, the matrix are the main retardation processes.
Arrival times at the water table increase with the sorption dis-

tribution coefficients of the various

The objectives of this study are to evalu-
ate the transport of radioactive solutes
and colloids under ambient conditions,
from the proposed repository horizon to
the water table, and to determine
processes and geohydrological features
that significantly affect radionuclide
transport.

APPROACH

The radionudide transport model
considers the site hydrology and spatial

species. For certain radionuclides such
as 239Py, the contributions of the decay
daughters to the total arrivals at the
water table can be very significant.
Changes in future climatic conditions
can have a significant effect on trans-
port, since increasing infiltration leads
to faster transport to the water table.
The transport of colloids is strongly
influenced by their size (as it affects
diffusion into the matrix, straining at

distribution effects of hydraulic and

transport properties in the Yucca e

Mountain subsurface. The migration and
retardation of radionuclides are analyzed

using EOS9nT (Moridis et al.,, 1999) and | Figure 1. Normalized release rate of PTc, 237Np and

! ! hydregeologic unit interfaces, and
"k\ - | transport velocity).
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e (o FINDINGS

Based on these studies, cumulative

T2R3D (Wu et al., 1996), both of which 2%%Pu from the repository horizon (for continuous breakthrough curves for the radionu-

are members of the TOUGH2 family of
codes (Pruess, 1991). These models can
describe the complex processes of flow and transport in the Yucca
Mountain subsurface, including advection, diffusion, hydrody-
namic dispersion, sorption, radioactive decay and tracking of
daughters, colloid straining and physical-chemical filtration, and
colloid-assisted solute transport. The mountain-scale grid for
these 3-D studies of UZ transport consisted of 245,000 elements. A
dual-permeability conceptualization was used to describe the frac-
ture-matrix system in the UZ. The radioactive species were
released directly into the fractures of the elements corresponding
to the proposed repository. We investigated (a) instantaneous
release, describing a single catastrophic event, and (b) continuous
release, describing a plausible long-term scenario involving the
breaching of the waste-containing canisters and the slow dis-
charge of their contents. A total of eleven instantaneously released
radionuclides were investigated, in addition to continuously
released radioactive species that included four parents, two
chains, and four colloids.

RESULTS

The results of the study indicate that the most important
factors affecting radionuclide transport are the subsurface
geology and site hydrology—i.e., the presence of faults (they
dominate and control transport), fractures (the main migration
pathways), and the relative distribution of zeolitic and vitric
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release and mean present-day infiltration) and their
subsequent arrival times at the water table

clides of interest were obtained. Note
that because of the extremely conser-
vative approach involved in this study, these curves describe
the lower bound of arrival times at the water table.

RELATED PUBLICATIONS

Moridis, G.J., Y.- S. Wu, and K. Pruess, EOSInT: A TOUGH2 mod-
ule for the simulation of flow and solute/colloid transport.
Berkeley Lab Report LBNL-42351, Berkeley, California, 1999.

Moridis, G.J., Y. Seol, and Y.-S. Wu, Modeling studies of mountain-
scale radionuclide transport in the unsaturated zone at Yucca
Mountain, Nevada. Proceedings of the TOUGH Symposium
2003, May 12-14, 2003; Berkeley Lab Report LBNL-52567,
Berkeley, California, 2003.

Wu, Y-S, CFE Ahlers, P. Fraser, A. Simmons, and K. Pruess,
Software qualification of selected TOUGH2 modules,
Berkeley Lab Report LBNL-39490, Berkeley, California, 1996.
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A MODELING STUDY OF FLOW DIVERSION
AND FOCUSING IN UNSATURATED FRACTURED ROCKS
Lehua Pan, Yu-Shu Wu, and Keni Zhang
Contact: Lehua Pan, 510/495-2360, lpan@lbl.gov

RESEARCH OBJECTIVES

In a complex subsurface system with multiple layers,
faults, and spatially varied alteration of rock properties, flow
diversion and focusing are natural phenomena. However,
quantitatively describing the magnitude and the spatial pat-
terns of flow diversion and focusing is a challenge for both
measurements and modeling. The objective of this study is to
develop a systematic modeling approach, taking the Yucca
Mountain unsaturated zone (UZ) as an example, to analyze
and describe flow diversion and focusing in unsaturated frac-
tured rocks, under ambient steady-state flow conditions.
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Figure 1. Comparison of pressure-head profiles in the PTn23
layer, calculated using analytical and numerical solutions

APPROACH

We first approximated the fractured tuffs of Yucca Mountain
using the effective continuum model (ECM). For this, we used
analytical solutions to identify the critical layers and layer inter-
faces in terms of flow diversion and to estimate the potential
magnitudes of such diversion at typical locations. Then, we
approximated the fractured tuffs as dual-permeability media
and developed a large 3-D numerical grid (over one million
gridblocks) to incorporate the site-specific data (including the
knowledge obtained from the analytical solutions). The parallel-
computing version of TOUGH2 was used to perform the
numerical modeling, and the 3-D numerical modeling results
were partly verified with field measurements.

ACCOMPLISHMENTS

We extended the analytical solutions of capillary barriers
derived by Warrick et al. (1997) for porous
media to the case of fractured media (under
the ECM approximation) represented by spe-
cific geological units (and layers within those
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units) at Yucca Mountain. The analytical solutions show that,
under present-day ambient conditions, capillary diversion
occurs primarily within nonwelded units (i.e., units where
matrix flow is dominant), like the Paintbrush nonwelded tuff
(PTn) unit at Yucca Mountain. Among the critical rock layers
within that unit, PTn21, PTn23, and vitric Calico Hills-1 (CH1)
conduct the most down-dip diversionary flow, whereas
PTn22, PTn24, and vitric CH2 act as capillary barriers to the
downward percolation flux. Under dry, ambient conditions,
the analytical solutions are good approximations of the capil-
lary barrier system of fractured tuffs (Figure 1).

The 3-D numerical flow model developed in this study is
(up to now) the most detailed site-scale model of the Yucca
Mountain UZ over several decades of site study. The numerical
simulations show that, although the net infiltration rate at the
surface depends on various factors, including topography, soil
thickness, vegetation, and rock type, the percolation flow pat-
terns are considerably modified during transit through the thick
unsaturated zone and are primarily controlled by a few critical
rock layers and faults.

SIGNIFICANCE OF FINDINGS

The results show that:

1. The analysis that combines analytical solutions with large-
scale numerical modeling is effective for analyzing and
describing flow diversion and focusing in unsaturated rock.

2. Large-scale lateral flow could take place in the UZ at Yucca
Mountain under ambient conditions. The combined effects
of horizontal and vertical barriers result in generally reduced
percolation flow through the proposed repository horizon,
but also in flow focused downward along penetrating faults.

3. Because lateral flow occurs within a few layers and often
turns into focused vertical flow via faults in the models, more
detailed information about them is critical to fully under-
stand and describe flow diversion and focusing in the UZ.

RELATED PUBLICATION

Pan, L., Y.-S. Wy, and K. Zhang, A modeling study of flow diver-
sion and focusing in unsaturated fractured rocks. Vadose
Zone Journal, 2002 (submitted); Berkeley Lab Report LBNL-
49274, 2002.
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NEew IMPROVEMENTS TO WINGRIDDER:
AN INTERACTIVE GRID GENERATOR FOR TOUGH?2
Lehua Pan
Contact: 510/495-2360, lpan@lbl.gov

RESEARCH OBJECTIVES

The objective of this study is to enhance the WinGridder
software program, which acts as a grid generator for
TOUGH?2, a software program used worldwide as a simula-
tion code for multiphase, multicomponent flow and heat
transfer. The main objectives are (1) to add the capability of
handling a repository with multiple subregions and specified
drifts, (2) to incorporate an interpolation method (instead of
picking the nearest point) in calculating the geological data
from a given digital geological model, (3) to add the capability
of generating multiple continuum grids (MINC grids), and (4)
to enhance searching and other capabilities.

APPROACH

The following approaches were adopted:

1. Taking advantage of the object-oriented-programming
used in WinGridder coding, we modified the REPOSITO
object to include subobjects, labeled REGIONS and
DRIFTS, to represent subregions and emplacement
drifts. In this way, WinGridder could handle a reposito-
ry with multiple subregions, with each region having
specified drifts. As a byproduct, additional grid cells rep-
resenting any user-specified drifts could be embedded
into an existing 3-D grid.

2. A modified bilinear interpolation method (allowing for
special treatment in the neighborhood of a fault) has
been implemented in the member function of the LAYER
object, which calculates the geological data (e.g., layer
thickness or elevation).

3. The MINC grid generated by WinGridder is similar in
principle to that of the dual-continuum grid. The differ-
ence is that the matrix cell in a dual-continuum grid is
split into N (a number specified by the user) connected
subcells in the corresponding MINC grid. The fracture
configurations (e.g., fracture porosity, fracture-matrix
interface area per rock volume, fracture aperture and
spacing) are provided by the user in a text file. (This
functionality is only available in WinGridder V2.1
(beta)).

4. The Save Submesh functionality has been enhanced to
save any user-selected subgrid as an independent grid
project. Many other tools have been added.

ACCOMPLISHMENTS

WinGridder V2.0 and V2.1 (beta) have been developed, and
WinGridder V2.0 has been qualified for the Yucca Mountain
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Project. V2.0 has been successfully used to design and generate
1-D, 2-D, and 3-D meshes for numerical modeling of flow and
transport at Yucca Mountain and at the Berkeley Lab site.

SIGNIFICANCE OF FINDINGS

The main advantages of this grid-generation software are
its user-friendly graphical interfaces, flexible grid-design capa-
bilities, efficient grid generation, and powerful searching and
postprocessing capability, especially for large size grids (e.g.,
grids composed of a million grid cells or more). This software
has been increasingly applied around the world (so far, multi-
ple users in the U.S., Asia, and Europe).
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Figure 1. The main window of the WinGridder.

RELATED PUBLICATION
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CoUuPLED THERMAL-HYDROLOGICAL-MECHANICAL ANALYSIS WITH TOUGH-FLAC
Jonny Rutqvist and Chin-Fu Tsang
Contact: Jonny Rutgvist, 510/486-5432, jrutqvist@lbl.gov

RESEARCH OBJECTIVES

The objective of this work is to develop a numerical simu-
lator for coupled thermal-hydrological-mechanical (THM)
analysis of complex geological media under multiphase flow
conditions, with possible coupling to reactive transport mod-
eling.

APPROACH

Two existing computer codes—TOUGH2 and FLAC-3D—
were joined to develop a numerical simulator (named
TOUGH-FLAC) for analysis of coupled THM processes in
complex geological media under multiphase flow conditions.
Both codes are well established and widely used in their
respective fields. The TOUGH2 code is designed for geohy-
drological analysis of multiphase, multicomponent fluid flow
and heat transport, whereas the FLAC-3D code is designed for
rock and soil mechanics with thermomechanical and hydro-
mechanical interactions. The two codes are executed on two
separate meshes and joined with two coupling modules
(Figure 1). A set of coupling modules can be exchanged with
another set, depending on the type of rock and the studied
problem.

ACCOMPLISHMENTS

A set of TOUGH-FLAC coupling modules has been devel-
oped for various applications. Recent applications of the
TOUGH-FLAC simulator include:

e A study of caprock hydromechanical changes associated

with CO; injection into a brine formation

e A study of the impact of coupled THM processes on the

performance of the proposed nuclear waste repository at
Yucca Mountain, Nevada, including drift-scale and
mountain-scale coupled THM processes
¢ Coupled THM analysis of the Yucca Mountain Drift Scale
Test

¢ Analysis of surface uplift during volcanic episodes

¢ A study of fault slip during underground injection CO,
(ongoing)

SIGNIFICANCE OF FINDINGS

A coupled THM numerical simulator for multiphase flow
conditions has been successfully constructed and its use
demonstrated. The results from these simulations will be
important for the performance assessments of geological dis-
posal of CO, and spent nuclear fuel, and are also valuable in
other applications (such as geothermal energy extraction and
oil and gas reservoir engineering).
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RELATED PUBLICATIONS

Rutqvist, J., Y.-S. Wu, C.-F. Tsang, and G. Bodvarsson, A mod-
eling approach for analysis of coupled multi-phase fluid
flow, heat transfer, and deformation in fractured porous
rock. Int.J. Rock Mech. Min. Sci., 39, 429-442, 2002.

Rutqvist, J., and C.-F. Tsang, A study of caprock hydromechan-
ical changes associated with CO, injection into a brine
aquifer. Environmental Geology, 42, 296-305, 2002.

Rutqvist, J., and C.-F. Tsang, Analysis of thermal-hydrological-
mechanical behavior near an emplacement drift at Yucca
Mountain. J. Contaminant Hydrology, 62-63,1-16, 2003.
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Figure 1. Schematic of linking TOUGH2 and FLAC3D for a coupled
THM simulation
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FLOW AND TRANSPORT THROUGH A FAULT EMBEDDED IN FRACTURED ROCK
Rohit Salve, Hui-Hai Liu, Paul Cook, Atlantis Czarnomski, and Joseph S.Y. Wang
Contact: Rohit Salve, 510/486-6416, r_salve@lbl.gov

RESEARCH OBJECTIVES

The overall objective of this investigation is to study flow
and transport through a 20 m vertical section of a fault located
in the fractured welded tuff of the Topopah Spring welded tuff
unit at Yucca Mountain, Nevada (Figure 1), the proposed site
for a high-level nuclear waste geologic repository.

e mistang

Figure 1. Location of the test bed between the Cross Drift and
Main Drift in the Exploratory Studies facility. Shaded plane is
located along presumed location of fault.

APPROACH

This investigation involved the release of approximately
82,000 liters of water along a horizontal section of the fault,
under ponded conditions over a period of thirteen months
and then under reduced fluxes for another six months. When
quasi-steady-state seepage was observed at the lower end of
the test bed, two tracers with different molecular diffusion
coefficients were introduced into the ponded water infiltrat-
ing the fault. After tracer-laced water had been released into
the fault, more tracer-free water was released. As water was
released into the fault, changes in moisture content were mon-
itored in the formation, while a large cavity excavated below
the test bed was visually inspected for seepage. Water perco-
lating through the fault and into the excavated cavity was
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continuously monitored with an automated, remotely
accessed water collection system.

ACCOMPLISHMENTS

We observed that water (introduced along the fault) followed
the fault as the primary vertical flow path, while the adjacent
fractured matrix served to move water laterally and vertically.
Unlike primary flow paths along the fault, flow was not persist-
ent along the secondary flow paths under similar boundary con-
ditions. The field experiment showed the existence of a capillary
barrier and confirmed the dynamic nature of flow through the
fault. Further, observations of bromide concentrations in seepage
water during the early stages of the experiment, and of bromide
and pentafluoride benzoic acid (PFBA) concentrations in the
seepage water, indicate the significant influence of matrix diffu-
sion on transport through a fault embedded in fractured, non-
welded rock.

SIGNIFICANCE OF FINDINGS

Field tests involving both flow and transport within a fault
under unsaturated conditions are rare. This test has provided
insights into mechanisms that come into play when water with
tracers is introduced into a fault located in this unsaturated envi-
ronment. This information is being used to develop conceptual
models of flow and transport through Yucca Mountain.

RELATED PUBLICATIONS

Salve, R., D. Hudson, H. H. Liu, and J. S. Y. Wang, Development
of a wet plume following liquid release along a fault. Water
Resources Research, 2003 (submitted); Berkeley Lab Report
LBNL-52711, 2003.

Liu, H. H, R. Salve, J. S. Y. Wang , G. S. Bodvarsson, and D.
Hudson, Field investigation into unsaturated flow and
transport in a fault: Model analysis. Journal of Contaminant
Hydrology, 2003 (submitted); Berkeley Lab Report LBNL-
52823, 2003.

Salve, R., A passive-discrete water sampler for monitoring seep-
age. Groundwater, 2003 (in press); Berkeley Lab Report
LBNL-51203, 2002.
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A NUMERICAL STUDY OF UNSATURATED FLOW AND TRANSPORT THROUGH A
FRACTURED METER-SIZED ROCK BLOCK

Yongkoo Seol, Timothy J. Kneafsey, Kazumasa Ito, and Stefan Finsterle
Contact: Yongkoo Seol, 510/486-4806, yseol@Ibl.gov

RESEARCH OBJECTIVES

Our work involves study of a meter-sized block of frac-
tured rock to obtain experimental evidence in support of the
active fracture concept (AFC). This concept assumes that only
a portion of fractures in a connected unsaturated fracture net-
work contributes to liquid water flow. Prior to this experimen-
tal evaluation, however, we needed to perform a preliminary
numerical simulation in which we incorporated the AFC into
a dual-continuum model (DCM) to create an enhanced DCM.
Through this integration, we intend to identify the most effec-
tive way to quantify the AFC parameter in the laboratory.

APPROACH

The DCM was developed and then compared to a discrete
fracture network model (DFNM) representing the meter-sized
rock block, to see whether the DCM could accurately simulate
flow and transport in the block. The DFNM, which contained
an artificially generated 2-D fracture network, is based on sta-
tistical information from field observations at Yucca Mountain,
Nevada (including fracture density, ranges of aperture and
trace length, distribution of orientation, flow rate, and tracer
transport data). As a preliminary step, DCM results obtained
without incorporating the AFC were calibrated against the
DFNM data. The AFC model was then integrated into the
DCM to examine whether adding the AFC model could
improve DCM predictions of discrete flow behavior.

ACCOMPLISHMENTS

At transient states, the DFNM showed distinctive prefer-
ential flow patterns, such as stepwise increases in water efflu-
ent flow rates and high water saturation along predominant
flow paths (i.e., fractures). The DCM breakthrough curves did
not initially capture the DFNM results because of their con-
ceptual differences. But after the incorporation of the AFC,
DCM predictions for flow-rate breakthrough curves were sig-
nificantly improved. The flow rates from the AFC-enhanced
DCM were calibrated against those of the DFNM to estimate
the effect of including the AFC parameter.

SIGNIFICANCE OF FINDINGS

These numerical simulations imply that laboratory
experiments incorporating a transient state in the flow field
would provide a more sensitive approach for estimating the
AFC parameter than steady-state experiments. Additionally,
water breakthrough curves at low (rather than high) injec-
tion rates may be more appropriate for laboratory tests to
determine the AFC parameter. The results also suggest that

the DCM-AFC approach improves the pre-
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diction of unsaturated flow and transport, but may not be
well suited for the current two-dimensional meter-scale
model. Three-dimensional studies with detailed characteri-
zation of fracture networks have been proposed for more
accurate estimation of the AFC parameter.

RELATED PUBLICATIONS

Seol, Y., T]. Kneafsey, K. Ito, and S. Finsterle, Simulation of
unsaturated flow and transport through a fractured meter-
sized model block using the continuum approach. Water
Resources Research, 2003 (submitted); Berkeley Lab Report
LBNL-52818, 2003.

Ito, K., and Y. Seol, A 3-D discrete fracture network generator to
examine fracture-matrix interaction using TOUGH2.
Proceedings of the TOUGH Symposium 2003, Berkeley,
California, May 12-14, 2003; Berkeley Lab Report LBNL-
52465, 2003.
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Figure 1. Distribution of water saturation in the DENM, showing
preferential flow patterns developed along major fractures in the
transient state of the flow domain.
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EFreCcTS OF WATER-ROCK INTERACTION OF UNSATURATED FLOW
IN HETEROGENEOUS FRACTURED ROCK

Eric Sonnenthal, Nicolas Spycher, Charles Haukwa, and Tianfu Xu
Contact: Eric Sonnenthal, (510) 486-5866, elsonnenthal@lbl.gov

RESEARCH OBJECTIVES

Evaluation of coupled thermal, hydrological, and chemi-
cal processes associated with the proposed high-level nuclear
waste repository at Yucca Mountain,
Nevada, requires consideration of the
effects of permeability heterogeneity on
reaction-transport processes. The primary
objective of this work is to examine therela-
tionship of fracture flow and fracture-
matrix interaction to permeability and cap-
illary pressuremodification during mineral
precipitation and dissolution in unsaturated
fractured tuff under boiling conditions.

APPROACH

[meters]

In this analysis, we relate the reactive
surface area to the fracture-matrix interac-
tion area, based on a modified form of the
Active Fracture Model for flow in unsaturat-
ed fractured rock. In most experimental and
natural systems, permeability reductions to
values near zero occur at porosities signifi-
cantly greater than zero. This generally is
the result of mineral precipitation preferen-
tially closing the narrower interconnecting 0 10
apertures. The hydraulic aperture, calculat-
ed from the fracture spacing and permeabil-
ity (as determined through air-permeability
measurements) assuming a cubic law rela-
tion, was used to develop a much stronger
relationship between permeability and
porosity. Based on air-permeability meas-
urements, 2-D heterogeneous fracture permeability fields were
generated having a range of four orders of magnitude.
Reaction-transport simulations were performed using
TOUGHREACT, which included coupling between heat,
water, and vapor flow; aqueous and gaseous species transport;
and kinetic and equilibrium mineral-water reactions. Changes
in unsaturated flow take place through coupling of porosity,
permeability, and capillary pressure to mineral precipita
tion/ dissolution.

ACCOMPLISHMENTS

Simulations demonstrated that in addition to thermody-
namic and geochemical parameters, the extent of mineral-
water reaction is a function of the fluid flux and the liquid sat-
uration. Liquid saturations, which control reactive surface
areas, and fluxes are strongly tied to the permeability and cap-
illary properties. At the edge of the boiling front, mineral pre-
cipitation is driven by a combination of mineral-water-reac-
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Figure 1. Ratio of fracture permeability
at 20,000 years to the initial value

tions and evaporative concentration. The net effect of these
processes over 20,000 years is a reduction in permeability that
is most pronounced in areas of initially low
permeability but high liquid fluxes and sat-
- | uration (Figure 1). The distribution of per-
meability changes is, however, a combined
effect of different minerals precipitating in
varying patterns. Amorphous silica, calcite,
and gypsum precipitate by evaporative con-
- | centration at the boiling front, resulting in a
| | narrow zone of reduced permeability.
Calcite also precipitates by degassing of CO,
and heating of percolating fracture water
from the surface, thus leading to abundant
- | precipitation well above the boiling zone.

SIGNIFICANCE OF FINDINGS

Modeling of water-rock interaction in
boiling, unsaturated, heterogeneous frac-
tured rock exemplifies the strong feed-backs
- | between water-rock interaction and unsatu-
| | rated flow. In particular, increased liquid
saturation, as a result of higher capillary
pressures in smaller aperture fractures, leads
to increased rates of reaction and further
reductions in permeability. This work indi-
cates that the evolution of preferential flow
paths in unsaturated systems undergoing
water-rock interaction may progress from
the smaller features to the larger ones, in
contrast to saturated systems that tend to
start with the most permeable features.

20 30 40

RELATED PUBLICATION

Sonnenthal, E., N. Spycher, and T. Xu, Linking reaction, trans-
port, and hydrological parameters in unsaturated fractured
rock: TOUGHREACT implementation and application.
Proceedings of the TOUGH Symposium, Berkeley,
California, May 12-14, 2003.
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YucCA MOUNTAIN HEATER TEST COOLING PHASE
Yvonne Tsang, Sumit Mukhopadhyay, Jonny Rutqvist, Eric Sonnenthal, and Nicolas Spycher
Contact: Yvonne Tsang, 510/486-7047, ytsang@Ibl.gov

RESEARCH OBJECTIVES

As part of a multilaboratory team, Berkeley Lab is con-
ducting a large-scale in situ thermal test, the Drift Scale Test
(DST), in an underground facility at Yucca Mountain,
Nevada, the site for a proposed national high-level nuclear
waste repository. The test is presently in the second year of
the natural cooling phase following four years of heating,
during which an approximate heating rate of 185 kW was
supplied by nine canister heaters (placed in a drift 47.5 m in
length and 5 m in diameter) and fifty 11 meter long rod
heaters installed in boreholes drilled perpendicular to the
drift. The heating thus provided set in

drying zone, consistent with model predictions. Simulated frac-
ture liquid-saturation has indicated that little water is likely to be
collected during the cooling phase, as has been the case. Figure 1
shows the simulated and measured temperatures at the end of
the heating phase and after six months of cooling in three bore-
holes. The plateau at the nominal boiling temperature of
~97°C indicates a liquid and vapor two-phase zone that is a good
candidate for water collection. Note the disappearance of these
two-phase zones during the cooling phase. Air-permeability
measurements confirm modeled predictions of TH processes

motion coupled thermal (T), hydmlogical
(H), chemical (C), and mechanical (M)
processes of the type that would be gener-
ated from heating in the proposed reposi-
tory during its postclosure performance
period. The objective of this test is to gain
an in-depth understanding of THMC cou-
pled processes within fractured welded
volcanic tuff situated above the water
table.

APPROACH

The DST has involved a close integration
of measurements and numerical modeling.
Thousands of sensors installed in nearly 100
boreholes, within a rock block of 60 x 60 x 60 m3, continuously
monitor the temperature, relative humidity, and mechanical dis-
placement. Geophysical and air-permeability measurements
have been performed at quarterly intervals to track moisture
redistribution resulting from boiling, vapor transport, and con-
densation. Water and gas samples have also been collected peri-
odically from the test block for chemical and isotopic analyses.
In addition, TH, THC, and THM processes have been simulated
using numerical models that realistically incorporate the three-
dimensional test configuration and the complex multiple
processes. Model predictions have been compared to the afore-
mentioned extensive set of measured data.

ACCOMPLISHMENTS

Manifestations of coupled THMC processes in the rich set of
measured data agree well with TH, THC, and THM model pre-
dictions. During the heating phase, expanding zones of reduced
liquid saturation in the rock matrix around the heaters predicted
by TH simulations were consistent with zones of drying shown
in neutron logging data, crosshole radar tomograms, and electri-
cal resistivity tomography data. During (the
- _\‘\_l # ongoing) cooling, the geophysical data has
B flf:{ indicated slow rewetting at the edge of the
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Figure 1. Simulated and measured temperature profiles in boreholes 158, 159, and 160, at (a)
48 months of heating and (b) 6 months of cooling

(drying and wetting in fractures) and THM processes (closing
and opening of fractures).

SIGNIFICANCE OF FINDINGS

A close integration of measurements and sophisticated
simulations carried out in this large-scale and long-term test
has contributed much toward the understanding of THMC
coupled processes in fractured rock of the unsaturated zone.

RELATED PUBLICATION

Birkholzer, J.T., and Y.W. Tsang, Modeling the thermal-hydro-
logical processes in a large-scale underground heater test
in partially saturated fractured tuff. Water Resour. Res.,
36(6), 1431-1448, 2000.
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A MOUNTAIN-SCALE FLOW MODEL
FOR THE UNSATURATED ZONE OF YUCCA MOUNTAIN, NEVADA
Yu-Shu Wu, Guoping Lu, Keni Zhang, and G.S. Bodvarsson
Contact: Yu-Shu Wu, 510/486-7291, yswu@Ibl.gov

RESEARCH OBJECTIVES

Large-scale 3-D flow models have played a critical role in
characterizing and assessing the effects of hydrogeologic, ther-
mal, and geochemical conditions in the unsaturated zone (UZ) at
Yucca Mountain, Nevada, the proposed site of the future U.S.
nuclear waste repository. Our work involves developing and
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Figure 1. Schematic showing the conceptualized flow processes

refining the current mountain-scale UZ flow model developed
for use in the current Total System Performance Assessment for
License Application (TSPA-LA) in connection with Yucca
Mountain.

APPROACH

The methodology employed in the ongoing development
of the mountain-scale UZ flow model, based on the conceptu-
al model (Figure 1), follows an iterative approach:

e Design a proper 3-D grid that incorporates complicated

geological features of the site.

e Incorporate all available field data collected from the UZ.

e Calibrate the model using field-measured hydrological,

pneumatic, thermal, and geochemical data.

¢ Conduct predictive studies and sensitivity analyses.

The modeling approach used in the UZ flow model is a
dual-continuum mathematical formulation of coupled multi-
phase fluid and tracer transport through fractured porous
rock, developed with the TOUGH2 code (a simulation code for
multiphase, multicomponent flow and heat transfer).

ACCOMPLISHMENTS

Site-scale UZ flow models and submodels have shown the
ability to match various types of field data on the model scale,
including matrix liquid saturation and water potential,
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perched-water elevations, pneumatic data, geothermal gradi-

ents, and chloride data. The model has been used to (1) inte-

grate all the available data from the UZ system into a single,

comprehensive, and calibrated 3-D model for simulating the

hydrological, thermal, and geochemical conditions at Yucca
Mountain—for use in predicting system responses to
ambient and future climate conditions; (2) quantify the
moisture flow through the UZ, under present-day and
estimated future climate scenarios; and (3) calculate
times of radionuclide transport from the proposed
repository level to the water table.

o The site-scale UZ model has been successfully used

to simulate past, present, and future hydrogeological,
geothermal, and geochemical conditions and physical
processes within the Yucca Mountain UZ. This model
can be used to support various TSPA-LA activities.

SIGNIFICANCE OF FINDINGS

The mountain-scale UZ flow model generates 18
three-dimensional steady-state UZ flow fields, which
have been used in direct calculations of radionuclide
transport from the proposed repository to the water
table, to support the TSPA-LA efforts. In addition, the
UZ model results provide input parameters to various small-
scale models and studies, such as drift-scale models, the
mountain-scale thermal-hydrological model, and the UZ
radionuclide transport model.

RELATED PUBLICATIONS

Wuy, Y. S., L. Pan, W. Zhang, and G. S. Bodvarsson, Characteri-
zation of flow and transport processes within the unsatu-
rated zone of Yucca Mountain, Nevada. Journal of
Contaminant Hydrology, 54, 215-247, 2002.

Wuy, Y.S,, G. Ly, K. Zhang, G. Zhang, HH. Liu, T. Xu, and E. L.
Sonnenthal, UZ flow models and submodels. Report MDL-
NBS-HS-000006 REVO01, Lawrence Berkeley National
Laboratory, CRWMS M&O, Berkeley, CA; Las Vegas,
Nevada, 2003.
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A NUMERICAL INVESTIGATION OF FLOW FOCUSING IN UNSATURATED FRACTURE NETWORKS
Keni Zhang, Yu-Shu Wu, G. S. Bodvarsson, and Hui-Hai Liu
Contact: Keni Zhang, 510/486-7393, kzhang@lbl.gov

RESEARCH OBJECTIVES

The primary objective of this work is to develop numerical
models to improve our understanding of discrete flow paths
through unsaturated fracture networks. These fracture networks
are modeled using fracture data collected from the Topopah
Spring welded tuff unit (TSw) of Yucca Mountain, Nevada, the
site of the proposed national nuclear waste repository. We try to
answer the following questions: How do flow paths develop in
the randomly distributed fracture network? How do rock matrix
and infiltration rate (on the top boundary) influence flow pat-
terns in the fracture networks? And finally, what is the relation
between flow focusing and boundary conditions?

APPROACH

A two-dimensional fracture network was constructed
using field fracture-mapping data, including fracture density,
length range, and fracture orientations measured at the site.
Each fracture in the network is randomly distributed; howev-
e1, the random distribution is governed by statistical informa-
tion derived from field-measured fracture data. Statistically,
the generated fracture network should correspond to actual
fracture distribution in the study domain. Figure 1 shows a
fracture network consisting of those fractures intersecting
globally connected paths. Isolated fractures are neglected in
the simulation. The simulation domain is considered to be
combined media, consisting of a fracture network superim-
posed on a porous matrix.

ACCOMPLISHMENTS

Five simulation cases were run with different matrix rock
permeabilities and different infiltration rates. These cases may
reflect the influence of matrix rock on flow focusing and the
influence of infiltration rate on the flow pattern of the fracture
network. The modeling results demonstrate that focused flow
paths through fractures are generally vertical (Figure 1).
Simulation results suggest that the average spacing between
flow paths in a layered system tends to increase with depth as
long as flow is gravity-driven. In addition, flow paths are
found to consist primarily of long trace fractures in lower frac-
ture-density domains. In higher fracture-density domains,
long and short trace fractures both contribute to the develop-
ment of flow paths.

SIGNIFICANCE OF FINDINGS

The majority of fluxes along flow paths have low normal-
ized fluxes (ranging from 0 to 2). The higher normalized flux is
caused by the higher degree of focusing into several fracture
paths. Simulation results indicate that lower
- _\‘\_l 4’ matrix-rock permeability will lead to a larger
B flf:{ flow-focusing phenomenon. Flow focuses
s

into only a few fractures and forms two main flow paths. Each
flow path spreads over a range of several meters. Simulation
results thus indicate that the impact of infiltration rate on flow
focusing may be insignificant for unsaturated flow in a frac-
ture network.

RELATED PUBLICATIONS

Zhang, K., Y.S. Wu, G.S. Bodvarsson, and H.H. Liu, Flow focus-
ing in unsaturated fracture networks: A numerical investi-
gation. Vadose Zone Hydrology, 2003 (in press); Berkeley
Lab Report LBNL-52819, 2003.

Zhang, K., Y.S. Wu, GS. Bodvarsson, and H.H. Liu, Determi-
nation of unsaturated flow paths in a randomly distributed
fracture network. Proceedings for Probabalistic Approaches
and Groundwater Modeling Symposium, World Water and
Environmental Resources Congress, Philadelphia,
Pennsylvania, 2003.
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Figure 1. Simulated steady-state flux distribution in the fracture
network, matrix permeability = 0; infiltration rate = 500 mm/ year.
Flux magnitude is represented by four different colors (in decreas-
ing sequence): blue, green, red and grey. Each color represents a
one-order-of-magnitude difference in flux.
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MULTISCALE HETEROGENEITY EFFECTS AT YUCCA MOUNTAIN
Quanlin Zhou, Hui-Hai Liu, Gudmundur S. Bodvarsson, and Curtis M. Oldenburg
Contact: Quanlin Zhou, 510/486-5344, qlzhou@Ilbl.gov

RESEARCH OBJECTIVES

The objectives of this work are to characterize the multi-
scale variability of fracture and matrix hydrogeological prop-
erties, and to investigate the effects of multiscale heterogeneity
on unsaturated flow and transport at Yucca Mountain,
Nevada, the proposed site for the national high-level nuclear
waste repository.

APPROACH

We developed a model for the Yucca Mountain unsaturat-
ed zone that represented complex heterogeneity at two differ-
ent scales: (1) layer scale, corresponding to geological layering,
and (2) local scale, corresponding to measurement scale. The
horizontal variability of layer-scale properties was calibrated
based on the available measurements collected in multiple
deep boreholes. Vertical and horizontal correlation lengths
were obtained using local-scale permeability and porosity
data. Random fields of the three most sensitive hydrogeologic
properties for a two-dimensional, vertical cross section of the
site were generated by combining the average layer-scale
matrix and fracture properties with local-scale perturbations
(generated wusing a stochastic simulation method).
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Figure 1. Random fields of matrix permeability, matrix o, and
fracture permeability in the two-dimensional vertical cross sec-
tion through borehole UZ-14, generated using multiscale hetero-
geneity
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Unsaturated water flow and conservative tracer transport
were simulated throughout the cross section. The effects of
multiscale heterogeneity were investigated by comparison to
the homogeneous layer-wise rock properties used for moun-
tain-scale flow and transport modeling at Yucca Mountain.

ACCOMPLISHMENTS

In addition to local-scale perturbations, the Yucca
Mountain multiscale heterogeneity characterization captured
the significant lateral and vertical variability in layer-scale
matrix and fracture properties. This indicates that the multi-
scale heterogeneity of matrix and fracture properties has a con-
siderable effect on unsaturated flow processes, leading to fast
flow paths in fractures and the matrix. These paths shorten the
travel time of a conservative tracer from a source (repository
horizon) in the unsaturated zone to the water table. As a result,
multiscale heterogeneity would seem to have a significant
effect on local and global tracer-transport processes, especially
for the early arrival of tracer mass. However, the effect on
global transport is not significant at later times—for example,
after 20% of tracer mass reaches the water table.

SIGNIFICANCE OF FINDINGS

This work has produced a useful approach for characteriz-
ing subsurface heterogeneity at different scales. It showed that
multiscale heterogeneity has a significant effect on local and
global flow and transport. Consequently, it improves and con-
firms our conceptual understanding of how rock heterogene-
ity affects nuclear waste disposal.

RELATED PUBLICATION

Zhou, Q., HH. Liu, G.S. Bodvarsson, and C.M. Oldenburg,
Flow and transport in unsaturated fractured rock: Effects
of multiscale heterogeneity of hydrologic properties.
Journal of Contaminant Hydrology, 60, 1-30, 2003.
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The Energy Resources Program (ER) is responsible for two inversion methods developed in the ER program are also
major program areas: Oil and Gas Exploration and Develop- being applied in a new project on geologic sequestration of
ment, and Geothermal Energy Development. CO, carried out in the Climate Variability and Carbon

Management Program within the Earth Sciences Division.
Principal research activities include:
¢ Development of single-well and crosswell seismic tech-

OIL AND GAS EXPLORATION
AND DEVELOPMENT

Multidisciplinary research is being conducted in reservoir nology, including instrumentation, acquisition and pro-
characterization and monitoring, optimization of reservoir cessing
performance, and environmental protection. Using basic ¢ Applications of seismic methods for characterization of
research studies as a source of innovative concepts, ER fractured reservoirs
researchers seek to transform these concepts into tangible ¢ Laboratory measurement of the seismic properties of
products of use to industry within a time-frame consistent poorly consolidated sands
with today’s rapid growth in technology. Reservoir character- ¢ Development of efficient 3D elastic-wave propagation
ization and monitoring involve development of new seismic codes
and electromagnetic techniques focused at the inter-well scale. ¢ Improved inversion methods for reservoir characteriza-
Field acquisition, laboratory measurements, and numerical tion, with a focus on combining production and geo-
simulation play important roles in the development activities. physical data
Optimization of reservoir performance is focused on simula- e Application of x-ray CT and NMR imaging to study
tion-based methods for enhancing reservoir management multiphase flow processes
strategies. Emphasis is placed on the integration of geophysi- ¢ Pore-tolaboratory-scale study of physical properties
cal data, production data, and reservoir simulation. The next and processes, with a focus on controlling phase mobili-
major step in research will focus on methods to optimize per- ty, predicting multiphase flow properties and drilling
formance through integration of monitored geophysical data, efficiency
production data, and reservoir simulation. ¢ Development of reservoir process-control methods
International and national concern about the variable cli- ¢ Development of new methods to mitigate environmental
matic effects of greenhouse gases produced by burning of fos- effects of petroleum refining and use
sil fuels is increasing, while it is also recognized that these ¢ Enhancement of refining processes using biological tech-
fuels will remain a significant energy source well into the next nologies
century. In response to these concerns, ER has initiated e Numerical simulation of subsurface methane hydrate
research focused on development of technologies that will systems
minimize the impact of fossil-fuel usage on the environment.
Methane hydrates constitute a huge potential fuel source with Since 1994, the major part of the Oil and Gas Exploration
lower carbon emissions than coal or oil. ER researchers are and Development program has been funded through the
developing and evaluating possible methods for producing Natural Gas and Oil Technology Partnership Program. Begun
gas from such deposits. Geophysical data acquisition and in 1989, the partnership was expanded in 1994 and again in
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1995 to include all nine Department of Energy multiprogram
laboratories, and has grown over the years to become an
important part of the DOE Oil and Gas Technologies program
for the national laboratories. Partnership goals are to develop
and transfer to the domestic oil industry the new technologies
needed to produce more oil and gas from the nation’s aging,
mature domestic oil fields, while safeguarding the environ-
ment.

Partnership technology areas are:

e QOil and gas recovery technology

e Diagnostics and imaging technology

e Drilling, completion, and stimulation

¢ Environmental technologies

¢ Downstream technologies

Projects are typically multiyear, are reviewed and reprior-
itized annually by industry panels, and are collaborations
between national laboratories and industry

GEOTHERMAL ENERGY DEVELOPMENT

The main objective of ER’s geothermal energy develop-
ment program is to reduce uncertainties associated with find-
ing, characterizing, and evaluating geothermal resources. The
ultimate purpose is to lower the cost of geothermal energy for
electrical generation or direct uses (e.g. agricultural and
industrial applications, aquaculture, balneology). The pro-
gram encompasses theoretical, laboratory, and field studies,
with an emphasis on a multidisciplinary approach to solving
the problems at hand. Existing tools and methodologies are
upgraded, and new techniques and instrumentation are devel-
oped for use in the areas of geology, geophysics, geochemistry,
and reservoir engineering. Cooperative work with industry,
universities, and government agencies draws from Berkeley
Lab’s 25 years of experience in the area of geothermal research
and development.

In recent years, DOE’s geothermal program has become
more industry-driven, and the Berkeley Lab effort has been
directed toward technology transfer and furthering our under-
standing of the nature and dynamics of geothermal resources
under production, such as The Geysers geothermal field in
northern California, which has begun to show the effects of
overexploitation.

At present, the main research activities of the program include:

¢ Geothermal Reservoir Dynamics: development and enhance-

ment of computer codes for modeling heat and mass transfer
in porous and fractured rocks, with specific projects such as
modeling the migration of phase-partitioning tracers in boil-
ing geothermal systems; modeling of mineral dissolution and
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precipitation during natural evolution, production, and injec-
tion operations; and geophysical-signature prediction of
reservoir conditions and processes

Isotope Geochemistry: identification of past and present
heat and fluid sources, development of natural tracers for
monitoring fluids re-injected into geothermal reservoirs,
better understanding of the transition from magmatic to
geothermal production fluids, and enhancement of reser-
voir-simulation methods and models by providing isotopic
and chemical constraints on fluid source, mixing, and flow
paths

Multicomponent 3D Seismic Imaging: development and
implementation of 3D surface and borehole methods for
defining permeable pathways in geothermal reservoirs
Geochemical Baseline Studies: documentation of geother-
mal-fluid behavior under commercial production and injec-
tion operations (e.g. field case studies), with specific
emphasis on The Geysers field

Electromagnetic Methods for Geothermal Exploration:
development of efficient numerical codes for mapping high-
permeability zones, using single-hole electromagnetic data

Future research will concentrate on the development of
innovative techniques for geothermal exploration and assist-
ing in a reassessment of geothermal power potential in the U.S.
The emphasis will be on expanding existing fields, prolonging
their productive life, and finding new "blind" geothermal sys-
tems, i.e., those that do not have any surface manifestations,
such as hot springs, fumaroles, etc., that suggest the presence
of deeper hydrothermal systems.

FUNDING

Within ER, The Oil and Gas Exploration and Development
program receives support from the Assistant Secretary for
Fossil Energy, Office of Natural Gas and Petroleum
Technology, through the National Energy Technology
Laboratory, the National Petroleum Technology Office, and the
Natural Gas and Oil Technology Partnership, under U.S
Department of Energy Contract No. DE-AC03-76SF00098.
Support is also provided from industry and other sources
through the Berkeley Lab Work for Others program. Industrial
collaboration is an important component of DOE Fossil Energy
projects.

The Geothermal Energy Development program receives
support from the Assistant Secretary for Energy Efficiency and
Renewable Energy, Office of Power Technologies, Office of
Wind and Geothermal Technologies, of the U.S. Department of
Energy.
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FRACTURED RESERVOIR MODELING:
CoOUPLED SEISMIC AND FLUID RESPONSE
Thomas M. Daley, Michael Schoenberg, Jonny Rutqvist, and Kurt Nihei
Contact: Thomas M. Daley, 510/486-7316, tmdaley@lbl.gov

RESEARCH OBJECTIVES

Fractured reservoirs are more difficult to model and typi-
cally less well understood than porous reservoirs. These prob-
lems lead to greater expense in resource exploration/exploita-
tion and in environmental characterization and cleanup. We
are coupling state-of-the-art fractured-media modeling codes
to allow investigation of the seismic response to fluid-induced
changes in reservoir properties, such as pore pressure and per-
meability. This research could lead to improvements in remote
sensing and time-lapse monitoring of dynamic processes in
fractured reservoirs.

APPROACH

We have coupled two previously independent modeling
codes, a hydromechanical finite-element code and a 3-D seismic
finite-difference, elastic, anisotropic modeling code.
In both codes, fractures are defined by their mechan-
ical stiffness, which is in turn linked to permeability
and seismic response by recently developed theoret-
ical relationships. Using the hydromechanical code,
we simulate injecting fluid into or withdrawing fluid
from a reservoir for a length of time. This creates
fluid-pressure gradients that act to change the frac-
ture stiffness. Conceptually, the spatially variable
fluid pressure causes fractures to open or close inho-
mogeneously. In a dynamic process, as fracture stiff-
ness changes, fracture permeability and fluid pressure distribu-
tion change, which then influence the next change in fracture
stiffness.

At any given time, we can apply spatially variable fracture-
stiffness values to model the seismic response of the reservoir.
These stiffness values are used to calculate anisotropic elastic
constants, which control seismic wave propagation. In general,
the reservoir has a unique set of elastic constants for each finite-
element cell or finite-difference grid point. The seismic response
of the reservoir can be used to spatially map the variations in
elastic constants, which can then be related to variations in frac-
ture stiffness and, in turn, to pore-pressure and permeability
variations in the reservoir. In this manner, time-lapse seismic
surveys can monitor reservoir changes.

ACCOMPLISHMENTS

We have successfully coupled the hydromechanical and
wave-propagation modeling codes. The initial study consid-
ered a 3-D vertically fractured reservoir layer sandwiched
between two homogeneous, relatively impermeable nonfrac-

tured layers. The layer is assumed to have a

_\‘\_l single dominant fracture direction. For two
Lt ‘:{ months, fluid is injected into the center of the
CIERICET] - reservoir via a vertical well at 80 liters per

minute over the 60 m thick reservoir. A 3-D, three-component
surface seismic survey was modeled at various times. Figure 1
shows the response at pre-injection (left) and at 2 months post-
injection (right). A distinct change is seen in reservoir seismic
reflectivity. This change is most evident in the amplitude and
time of a P- to S-wave converted reflection polarized normal to
the fractures. This change in seismic response is caused by the
fluid injection changing fracture stiffness.

SIGNIFICANCE OF FINDINGS

Understanding fractured reservoirs is important for many
problems facing the U.S. Department of Energy (and the U.S. in
general), including resource development (oil and gas produc
tion), underg round storage of high-level waste, remediation of
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Figure 1. Surface seismic shot gather for the three-layer model described in the
text. Pre-injection (left) and post-injection (right) comparison shows a substantial
change in the event between 270 and 310 ms. This change in seismic reflection
response is caused by fluid pressure changes in the reservoir due to injection.

contaminated aquifers, geologic sequestration of CO,, and
groundwater exploration and storage. Currently, fluid flow
modeling and seismic imaging are considered separately.
Linking these fields through a consistent conceptual and theo-
retical framework will allow improved understanding of cou-
pled processes, and may lead to improved monitoring of reser-
voir conditions.

RELATED PUBLICATION

Schoenberg, M., K. Nihei, T. Daley, J. Rutqvist, and E.L. Majer,
Fractured reservoirs: An analysis of coupled elasto-dynam-
ic and permeability changes due to pore pressure variation.
Presented at the Society of Exploration Geophysicists’ Pore
Pressure Workshop, May 2002; Berkeley Lab Report LBNL-
50697, 2002.
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A PORTABLE X-RAY COMPUTED TOMOGRAPHY SYSYTEM

Barry M. Freifeld, Timothy J. Kneafsey, Jacob Pruess, and Liviu Tomutsa
Contact: Barry Freifeld, 510/486-4381, bmfreifeld@Ibl.gov

RESEARCH OBJECTIVES

Drilling boreholes is an expensive activity, whether con-
ducted for environmental monitoring, resource extraction, or
scientific purposes. Retrieving geologic samples (core) from
the ground adds significantly to this expense, potentially dou-
bling or tripling drilling costs. Beyond a geologist’s visual
inspection, much of the core often goes untouched. Frequently,
core is subsampled for use in subsequent tests (such as
oil/ gas/water relative permeability). Some samples, such as
those containing gas hydrates, change rapidly upon retrieval.
In these cores, on-site core examination and evaluation is crit-
ical. Our objective in developing a portable x-ray computed
tomography (CT) system is to (1) provide personnel in the
field with a real-time comprehensive picture of core structure
and (2) provide a tool for selecting subsamples.

Figure 1. Berkeley Lab’s portable scanner has sailed the high
seas and endured arctic cold, imaging more than 2,000 feet of
core along the way.

APPROACH

Soil scientists and petroleum engineers have used x-ray CT
to perform measurements on recovered core. The bulk of this
work has been conducted using large medical scanners
designed for imaging humans. These large, immobile systems,
often costing a million dollars or more, are used in a laborato-
ry and require water-cooling systems and air-conditioned
lead-lined rooms. Our portable system had to be rugged, com-
pact, lightweight, and fast. We were able to eliminate most of
the weight by producing a novel multicomponent lead-shield-
ing arrangement that reduced the footprint of the system and
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eliminated the need for a dedicated room. Special collimators
and filters, optimized for geologic core, enabled us to use off-
the-shelf industrial imagers and obtain results that rivaled the
performance of expensive scientific instruments. As a result,
our final product costs significantly less than the baseline med-
ical technology that we set our sights on.

ACCOMPLISHMENTS

This unique portable x-ray CT scanner was fabricated in July
2002. Its first deployment was on Ocean Drilling Program (ODP)
Leg 204 off the Oregon Coast, a research cruise to investigate
methane-hydrate-bearing cores retrieved from Cascadia Ridge.
Afterwards, the scanner was transported to the ODP Gulf Coast
Core Repository, where it was used for follow-up studies. It was
briefly back at Berkeley Lab to image hydrate dissociation exper-
iments, before heading off for two months (March-April, 2003)
to the Alaskan North Slope to image permafrost cores in anoth-
er hydrate research project. The scanner will be used next for
ODP Leg 210, a cruise to study the Newfoundland half of the
Newfoundland-Iberia nonvolcanic rift.

SIGNIFICANCE OF FINDINGS

A portable x-ray CT system can provide geologists in the
field with detailed information (such as density and macrop-
orosity distribution) from recovered drill core. Additionally,
subsamples can be selected knowing not just what is on the
surface, but also the structure throughout the core. As a result
of CT imaging, detailed structural information can be obtained
quickly, and an electronic record can be generated. Ultimately,
information will be extracted from recovered core quicker,
with more precision, and at a lower cost.

RELATED PUBLICATION

Freifeld, B.M., TJ. Kneafsey, L. Tomutsa, and ]. Pruess,
Development of a portable x-ray computed tomograph-
ic imaging system for drill-site investigation of recovered
core. Proceedings of the 2003 International Symposium of
the Society of Core Analysts, Pau, France, September
21-24, 2003.
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JOINT CROSSWELL AND SINGLE-WELL SEISMIC STUDIES OF
CO, INJECTION IN AN OI1L RESERVOIR AT LOST HILLS, CALIFORNIA
Roland Gritto, Thomas M. Daley, and Larry R. Myer
Contact: Roland Gritto, 510/486-7118, rgritto@lbl.gov

RESEARCH OBJECTIVES

The objective of this research is to study whether crosswell
and single-well seismic techniques can be applied to monitor
the sequestration of CO; in oil reservoirs. The advantage of
injecting CO, into oil reservoirs is two-fold: (1) it offers one
method of geologic carbon sequestration, while it (2) enhances
the recovery of difficult-to-extract oil, which otherwise would
remain locked in place.

difference image of the two. The pre- and post-injection tomo-
grams show the stratification and compaction of the reservoir
rock with depth (decreasing Poisson values). The difference
tomogram shows an increase in Poison ratio throughout the
imaged area, indicating an increase in pressure in the reservoir.
This information, in conjunction with the P- and S-wave
results, led to the conclusion that the injected CO, dissolved
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into the liquid phase, which was corroborated by
in situ pressure measurements and reservoir simu-
{ F02 | lations. The seismic single-well supported the
crosswell results.

ACCOMPLISHMENTS

The experiment has shown that seismic cross-
well time-lapse P- and S-wave data can be used to
successfully monitor CO; injection and migration
in oil reservoirs, and to determine the state of the
injected gas. Single-well seismic measurements
provide independent data that are useful in cor-
roborating crosswell results without adding much
data acquisition time in the field.

........

......

SIGNIFICANCE OF FINDINGS

The analysis of the CO, injection experiment
revealed that both P-and S-wave data sets are essen-
tial in determining the migration and state of the

Figure 1. Poisson ratio based on P- and S-wave velocity: (a) pre-injection ratio; (b)
post-injection ratio; (c) result of differencing the pre-post injection ratios. The black
dashes represent the projection of the CO, injection intervals onto the imaging plane,
while the red line indicates the location of a fault in the reservoir. The high values in
(c) correspond to regions of increased CO, concentration spatially correlating with

injected gas in the reservoir, because one data set by
itself would yield inconclusive results. The availabil-
ity of time-lapse data reduces the effect of reservoir
heterogeneity, which would be difficult to estimate

the injection intervals.

in an absolute sense. Poisson ratio can be applied to
determine whether the injected gas has dissolved

APPROACH

The subsurface CO, injection program was operated by
Chevron USA P roduction Company in the Lost Hills, California,
oil field. We conducted a series of time-lapse seismic crosswell
and single-well experiments in a diatomite reservoir to monitor
the injection of CO, into a hydrofracture zone, based on seismic
P- and S-wave data collected during pre- and post-CO, injection
phases. Tomographic images of the differences in P- and S-wave
velocities were constructed, because the differencing of the data
sets is particularly sensitive to time-lapse changes in the reser-
voir. Estimates of Poisson ratio were then calculated from the
velocities to determine the state of the CO; in the reservoir.

Figure 1 shows three tomographic cross sections of Poisson

ratio before and after injection, as well as a
- ,
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into the liquid phase or remained in gas form. It also appears that
seismic crosswell data are useful in delineating the structural fea-
tures of the reservoir, whereas single-well seismic data are appli-
cable in determining the location and possibly the properties of
a hydrofracture zone.
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JOINT GEOPHYSICAL IMAGING
G. Michael Hoversten
Contact: 510/486-5085, gmhoversten@lbl.gov

RESEARCH OBJECTIVES

The objective of the Joint Geophysical Imaging project is to
ultimately develop formal joint geophysical imaging algo-
rithms for simultaneously inverting different types of geo-
physical data—to find a common, self-consistent earth model.
The initial stages of this work have concentrated on demon-
strating a methodology for combining time-lapse changes in
electric conductivity and compressional- and shear-wave
velocity with a detailed rock-properties model, to produce
quantitative estimates of the change in reservoir pressure and
fluid saturations.
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Figure 1. Changes in CO, dissolved in oil (a), changes in p-wave
velocity (b), and changes in electrical conductivity (c). CO,
injected into different depths is shown as % CO,.

APPROACH

Crosswell electromagnetic (EM) and seismic data were
acquired during CO, injection into the Lost Hills Oil field. Data
were recorded before and during CO, injection. From well log
data, a detailed rock-properties model was developed that relat-
ed changes in the electrical and seismic properties of the reser-
voir to changes in pressure and fluid saturations. The rock-prop-
erties model was used to constrain inversion of the time-lapse
data sets to produce time-lapse changes in the seismic compres-
sional, shear, and electrical conductivity as CO, was injected.
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These time-lapse changes in geophysical parameters were com-
bined with the rock-properties model to produce changes in
reservoir pressure and fluid saturations (including changes in
hydrocarbon gas, water, and CO, saturations).

A critical step was to first remove the effects of the reservoir-
pressure and water-saturation changes by combining the EM
and shear-wave velocity changes. Once the effects of reservoir
pressure and water saturation changes were stripped off, the
changes in acoustic velocity were used to map CO, saturation
changes within the reservoir.

ACCOMPLISHMENTS/
SIGNIFICANCE OF FINDINGS

The newly developed procedure for unraveling the com-
bined effects of reservoir pressure and fluid saturation changes
produced a predicted change in CO, content in the reservoir
oil. This change in CO, content is substantially better that that
which can be obtained by traditional predictions (based on
changes in geophysical parameters alone). Figure 1 shows the
changes in CO, dissolved in oil compared to the changes in
compressional velocity and electrical conductivity between the
two observations wells used in the survey. There is a clear
improvement in spatial resolution, along with accurate quan-
titative prediction of the CO, volume in place.

RELATED PUBLICATIONS

Hoversten, GM,, P. Milligan, J. Byun, J. Washbourne, L.C.
Knauer, and P. Harness, Crosswell electromagnetic and seis-
mic imaging: An examination of coincident surveys at a
steam flood project. Geophysics, 2003 (in press); Berkeley Lab
Report LBNL-48703.

Hoversten, GM.,, R. Gritto, J. Washbourne, and T.M. Daley,
Pressure and fluid saturation prediction in a multicompo-
nent reservoir, using combined seismic and electromagnetic
imaging. Geophysics, 2003 (in press); Berkeley Lab Report
LNBL-51281.
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GAs-HYDRATE IMAGING USING X-RAY COMPUTED TOMOGRAPHY
Timothy J. Kneafsey, Barry Freifeld, Liviu Tomutsa, and Jacob Pruess
Contact: Timothy J. Kneafsey, 510/486-4414, tjkneafsey@Ilbl.gov

RESEARCH OBJECTIVES

Gas hydrates are ice-like crystalline solids formed from a
mixture of water and natural gas at high pressures and tem-
peratures near freezing. They are abundant in deep oceans and
underlie vast stretches of permafrost. There is general scientif-
ic agreement that naturally occurring hydrates contain signifi-
cantly more energy than is stored in traditional fossil fuel
reserves. While gas-hydrate dissociation (the process of
hydrate separating to gas and water or ice) is well understood,
there is very little known about hydrate behavior in oceanic
sediments or porous media. Our objective was to develop a
technique capable of observing gas-hydrate dissociation in
oceanic sediments or porous media, so that we may eventual-
ly extract the natural gas as an economic resource.

APPROACH

We used x-ray computed tomography (CT), coupled with
physical measurements of temperature, pressure, and volume,
to observe hydrate dissemination and monitor dissociation of
synthetic samples. We compared the results from the physical
measurements to the x-ray CT scanning to examine the effec-
tiveness of using x-ray CT scanning in quantifying hydrate
dissociation.

ACCOMPLISHMENTS

We have performed several experiments to accomplish our
objective. In one experiment, we used a modified medical x-
ray CT scanner to observe the changes in a hydrate/silica sand
sample. The sample contained two different mixtures of
hydrate and sand. We measured the temperature at the bottom
of the sample, as well as the volume and composition of the
produced gas. The sample warmed from top to bottom, and as
dissociation occurred, methane gas was produced.
Simultaneously, changes in x-ray attenuation were observed in
the top of the sample. The location where the hydrate was dis-
sociating was identifiable in the x-ray images as a horizontal
front, and we were able to track the front from the sample top
to the bottom. As expected, gas production ceased when the
front reached the sample bottom.

We conducted another experiment using the Berkeley Lab
portable x-ray CT scanner. In this experiment, we measured
the pressure change and temperature as the sample, consisting
of clean 1 mm sand as well as chunks of hydrate and ice
(Figure 1), warmed from —196°C. As in the first experiment,
the x-ray CT images clearly show changes in the hydrate as
dissociation occurs.

LRIy
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SIGNIFICANCE OF FINDINGS

We have shown that x-ray CT scanning is a valuable tool in
examining samples containing hydrates, and can be used to
track hydrate dissociation. The use of x-ray CT scanning at
remote locations can be performed using the Berkeley Lab
portable x-ray CT scanner, allowing examination of natural
samples in their most representative condition. The x-ray CT
results, combined with pressure and temperature measure-
ments, provide clear indications of hydrate changes in sam-
ples.

RELATED PUBLICATION

Freifeld, B.M., TJ. Kneafsey, L. Tomutsa, L.A. Stern, and S.H.
Kirby, Use of x-ray computed tomographic data for analyz-
ing the thermodynamics of a dissociating porous
sand/hydrate mixture. Proceedings of the Fourth
International Conference on Gas Hydrates, pp. 750-755,
Yokohama, Japan, May 19-23, 2002.
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Figure 1. X-ray CT image of the sand/ice/hydrate sample
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FRACTURE QUANTIFICATION IN NATURALLY FRACTURED GAS RESERVOIRS
Ernest L. Majer
Contact: 510/486-6709, elmajer@lbl.gov

OBJECTIVE

The objective for this work is to apply high-resolution seis-
mic-imaging fracture-identification methods (logging, single-
well vertical seismic profiling [VSP]) to naturally fractured gas
reservoirs, and to integrate the results with three-dimensional
(3-D) surface imaging. The goal is to determine the optimum
technique for not only locating
fractures, but also quantifying
their properties in a manner that
allows the fractures controlling
flow to be identified.

APPROACH

As part of the U.S. Department
of Energy’s Natural Gas Program,
Berkeley Lab is leading a multi-
institutional project to develop
methods for mapping the fractures
that control flow in naturally frac-
tured gas reservoirs. This project
strives to extend surface informa-
tion with current borehole meth-
ods (VSP, crosswell, and single-

ACCOMPLISHMENTS

The project effort during 2002 focused on three areas: (1)
modeling seismic wave propagation in fractured media, (2)
acquisition of an extensive set of VSP data, well logs, and sin-
gle-well data, and (3) initial processing of the field data.

The thrust of the modeling effort has been to model the
actual field data that was processed in both 2-D and 3-D.
Existing 3-D data from the 20-square-mile target area was
reprocessed to apply processing that would enhance interpre-
tation for fracture and fault identification. The result was an
analysis of predicted well performance across the 20-square-
mile area.

The objective of the field tests was to augment the existing
data sets at both the borehole scale (logging and single-well
seismic) and VSP scale. The objective of the interpretation and
processing effort has been (and will be) to derive images that
are indicative of fracture characteristics. Each method (surface
seismic, VSP, crosswell, single well) has a different image pro-
duced at a different scale. The following data have been com-
piled:
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Figure 1. Study area (red box) in relation to the fault structure
well seismic) to quantify fracture | a5 determined by 2-D and 3-D seismic imaging
characteristics. The work has pro-

gressed from lab studies to controlled field studies, and now to

a full-scale application in the San Juan Basin in New Mexico.

¢ Multi-offset (approximately 70 source points per well) 3-
D, 9-C VSP at 20 ft spacing (10 to 100 Hz)
¢ Single well with three component receivers at 10 ft spac-
ing, using orbital source (50 to 400 Hz)
¢ Single well with hydrophones at 5 ft spacing, using piezo-
electric source (200 to 4,000 Hz)
e FMI and dipole sonic (4,000 to

8,000 Hz)

Together with the reprocessed
seismic data, this information will
form the basis of a unique multiscale
data set to process for fracture prop-
erties. To check the predictions, each
well will be put on production after
the seismic studies are completed.

SIGNIFICANCE OF
FINDINGS

Overall, the project has made
the anticipated progress towards
the goal of developing and testing
seismic methods for fracture quan-
tification. The drilling of the well
by ConocoPhillips (an over-$1.5
million investment alone) and the acquisition of the field data
sets mark a significant milestone in this work—and in general
a significant scientific contribution to the discipline of fracture
imaging. The final phase of the project will involve additional
work in modeling, data processing, and reservoir simulation.

RELATED PUBLICATIONS

Majer, E.L., J.E. Peterson, T. Daley, B. Kaelen, J.L. Myer, J.
Queen, P. D’Onfro, and W. Rizer, Fracture detection using
crosswell and single well surveys. Geophysics, 62(2),
495-504, 1997.

Daley, TM., T. Nihei, L.R. Myer, E.L. Majer, ].H. Queen, M.
Fortuna, J. Murphy, and R.T. Coates, 2002, Numerical mod-
eling of scattering from discrete fracture zones in a San
Juan Basin gas reservoir. In Proceedings of the SEG Annual
Meeting, Salt Lake City, Utah, 2002.
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CLASSIFICATION OF GAS HYDRATE DEPOSITS
AND CORRESPONDING PRODUCTION STRATEGIES
George J. Moridis
Contact: 510/486-4746, gjmoridis@lbl.gov

RESEARCH OBJECTIVES

Gas hydrates are solid (ice) crystalline compounds, inside the
lattices of which gas molecules can be encased. Vast amounts of
hydrocarbons are thus trapped in hydrate deposits. The objec-
tive of this study is the analysis and development of appropriate
strategies for gas production from a wide
range of natural hydrate accumulations.

The numerical simulations indicate that, in general, the
appeal of depressurization decreases from Class 1 to Class 3,
while that of thermal stimulation increases. Thus, simple
depressurization appears to enjoy an advantage over other
production strategies in Class 1 hydrate
deposits. The most promising produc-

These strategies involve the three main
hydrate dissociation mechanisms (depres-
surization, thermal stimulation, inhibitor

tion strategy for Class 2 hydrates
involves combinations of depressuriza-
tion and thermal stimulation, and is

effects), either individually or in combina-
tion. Selection of the appropriate strategy
is strongly influenced by the geological
setting and the conditions prevailing in |
the hydrate accumulation. 7 1

APPROACH

The TOUGH2 general-purpose simu- E ] o
lator with the EOSHYDR2 module was | - e
used for the analysis. EOSHYDR2 models |
the nonisothermal gas release, phase
behavior, and flow in binary hydrate-
bearing porous and fractured media
(involving methane and another hydrate-
forming gas) by solving the coupled equa-
tions of mass and heat balance. This
model can describe any combination of
hydrate dissociation mechanisms—and can also account for up
to four phases (gas phase, liquid phase, ice phase, and hydrate
phase) and up to seven components (CHy-hydrate, water, native
methane, dissociated methane, native and dissociated compo-
nents of a second hydrate-forming gas, salt, water-soluble
inhibitors, and heat).

ACCOMPLISHMENTS

In terms of production strategy and behavior, hydrate accu-
mulations are divided into three main classes. In Class 1, the per-
meable formation includes two zones: the hydrate interval and
an underlying two-phase fluid zone with free (mobile) gas. In
this class, the bottom of the hydrate stability zone occurs above
the bottom of the permeable formation. Class 2 features a
hydrate-bearing interval overlying a mobile water zone (e.g., an
aquifer). Class 3 is characterized by the absence of a hydrate-free
zone, and the permeable formation is thus composed of a single
zone, the hydrate interval. In Classes 2 and 3, the entire hydrate
interval may be well within the hydrate stability zone (i.e., the
bottom of the hydrate interval does not necessarily indicate

hydrate equilibrium).
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Figure 1. Cumulative release of CH, from
hydrate dissociation during gas production from
a Class 1 hydrate in the North Slope of Alaska

clearly enhanced by multi-well produc-
tion-injection systems (e.g., a five-spot
configuration). Because of the very low
=771 | permeability of hydrate-bearing sedi-
e [~ | ments, the effectiveness of depressuriza-
" [ | tion in Class 3 hydrates is limited, and
[ | thermal stimulation through single well
systems seems to be the strategy of
“+ | choice in such deposits (and especially

[ | so in high-hydrate-saturation regimes).

SIGNIFICANCE OF FINDINGS

This is the first-ever (a) classification
of gas hydrate deposits and (b) develop-
ment of general principles for gas pro-
duction strategies based on the hydrate
deposit classification.

RELATED PUBLICATIONS

Moridis, G.J.,, Numerical studies of gas production from
methane hydrates. SPE Paper 75691, SPE Journal, 2003 (in
press); Berkeley Lab Report LBNL-49765.

Moridis, G.J.,, Numerical simulation studies of thermally
induced gas production from hydrate accumulations with
no free gas zones at the Mallik Site, Mackenzie Delta,
Canada. SPE Paper 77861, SPE 2002 Asia Pacific Oil and
Gas Conference and Exhibition, Melbourne, Australia,
October 8-10, 2002; Berkeley Lab Report LBNL-50256.

Moridis, G.J. and T. Collett, Strategies for gas production from
hydrate accumulations under various geologic conditions.
Berkeley Lab Report LBNL-52568, 2003.
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ANISOTROPIC PROPERTIES OF COMPACTED CLAY-RICH ROCKS
Kurt T. Nihei, F. Reverdy, and Larry R. Myer
Contact: Kurt T. Nihei, 510/486-5349, ktnihei@lbl.gov

RESEARCH OBJECTIVES

The principal objective of this work is to characterize the
elastic anisotropic properties of clay-rich rocks for consolida-
tion conditions simulating compaction at depth. A novel con-
solidation cell containing sets of ultrasonic transducers and a
phased array has been designed to allow measurement of the
five transverse isotropy (TI) elastic constants of a rock sample
during compaction. During the testing phase of this project,
we will conduct a series of laboratory anisotropy tests on clay-
rich rock samples provided by our industry partners from
basins worldwide.

APPROACH

The standard laboratory ultrasonic transmission method
for measuring the five elastic constants of rock with TI requires
a minimum of three oriented cores taken parallel, perpendicu-
lar, and at an angle to the bedding. This method is unsuitable
for measuring the stress-induced TI elastic constants of clay-
rich rocks during compaction because: (1) the process of
unloading-recoring-reloading is time consuming, and (2) it is
difficult to realize the same stress state in the sample cored at
an angle to the bedding. The apparatus developed in this pro-
ject utilizes a P-wave phased array and three sets of polarized
ultrasonic transducers to recover the five TI constants during
uniaxial strain consolidation.

ACCOMPLISHMENTS

A series of ultrasonic tests on clay-rich rocks provided by
ChevronTexaco were performed to determine the attenuation of
P- and S-waves in the 200 kHz to 2 MHz
range. These tests were carried out on clay a.
samples compacted under drained, uniaxial
strain conditions to axial stresses of 2.5 MPa.
Based on these results, the design of the com-
paction cell, the P-wave phased array, and the
ultrasonic P- and S-wave transducers were
finalized.

to the bedding direction— SH(0°) and SV(0°), respectively, in
Figure 1b—provide direct measurements of cgy and cgg. A 1
MHz, 32-element P-wave phased array and a P-wave pinducer
(Figure 1a) are used to obtain c33 and c¢;3 from plane P-wave
measurements made over a range of angles (0° to approximate-
ly 60°).

SIGNIFICANCE OF FINDINGS

The apparatus developed in this project utilizes a pair of
P-wave transducers, two pairs of polarized S-wave transduc-
ers, and a P-wave phased array to recover the five TI constants
during uniaxial strain consolidation. Because the measure-
ments are performed during consolidation without the need
for unloading-recoring-reloading, the apparatus can be used
to investigate the development of stress-induced anisotropy in
geomaterials such as clay-rich rocks and benthic sands. We
anticipate that this apparatus will prove useful in investiga-
tions of the anisotropic properties of soft sediments relevant
for oil and gas imaging in sedimentary basins, and for the
characterization of the shallow sea floor.

ACKNOWLEDGMENTS

This work was supported by the Assistant Secretary for
Fossil Energy, Office of Natural Gas and Petroleum
Technology, through the National Petroleum Technology
Office, Natural Gas and Oil Technology Partnership, of the
U.S. Department of Energy under Contract No. DE-ACO03-
76SF00098.

A schematic of the compaction cell,
including the locations of the phased array
and the ultrasonic transducers, is shown in .
Figure 1a. The cell accommodates an approx- | '@ “#i=:~
imately 2 cm thick clay sample in a slot with
the geometry and dimensions given in Figure
1b. A pair of 1 MHz P-wave transducers are
used to directly measure c1;—P(0°) in Figure

Figure 1. Schematic of the compaction cell for clay anisotropy measurements: (a) view in

1b. Two sets of 40 kHz S-wave transducers | cross section showing the locations of the P-wave phased array and pinducer, and (b) plan
with polarizations parallel and perpendicular | view illustrating the location of the clay sample and the P- and S-wave transducers
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SIMULATION OF PARTITIONING TRACERS
Chao Shan and Karsten Pruess
Contact: Chao Shan, 510-486-5718, c_shan@lbl.gov

RESEARCH OBJECTIVES

Noble gases widely exist in nature, and except for radon,
they are stable. Modern techniques can detect noble gases to
relatively low concentrations and with great precision. In addi-
tion, different noble gases have different transport properties.
These factors suggest that noble gases can be useful partition-
ing tracers for subsurface characterization. Previous research
has shown that the solubility and dispersivity of a gas have
strong temperature dependency, and that the dependency is
gas-specific. We wanted to develop a numerical code that both
simulates the transport of noble gases in the subsurface and
also accounts for how temperature affects gas properties.

APPROACH

We base our code develop-
ment on TOUGH2, a simulation
code for multiphase, multicom-
ponent, and heat flow. Among
the many TOUGH2 modules,
EOS7R specifically simulates
two-phase, five-component flow
and transport problems. The two ] .
phases are water and gas, and the 1 H
five components are water, brine,
air, and two radionuclides
(Oldenburg and Pruess, 1995).
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module, users need only to give the names of the two selected
gases; all required thermodynamic properties are provided in
an internal data bank. There are, however, options for users to
overwrite internal molecular weights for modeling specific
isotopes. Currently, six user-selectable gases are available: heli-
um, neon, argon, krypton, xenon, and carbon dioxide. Radon
may be added in the future; a capability to model radioactive
decay by means of a half-life is already included in EOSN.

SIGNIFICANCE OF FINDINGS

Preliminary TOUGH2/EOSN simulations have shown that
the temperature effect may play an important role in gas diffu-
sion-dominant processes and in
fluid exchange between matrix

e Ty blocks and surrounding frac-
o R tures. The difference in solubility

e o and diffusivity between two dif-
1&“? ferent noble gases leads to a dif-

K ference in resulting noble gas

M frrithean TDH x.:' mass fractions (see Figure 1),
Emrm " which may provide additional
o fwth TE information for subsurface stud-
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For our studies, we added two

subroutines to EOS7R and slight- | example calculation.

Figure 1. Noble gas mass fractions at the discharge face for

ly modified the original code.
One subroutine, called NOHEN, uses the laboratory-experi-
ment-based Crovetto et al. (1982) model to calculate the
Henry’s law coefficient; the other, called GASDIEF, uses the the-
oretical model given by Reid et al. (1987) to calculate noble gas
diffusivity in the gas phase. At every time step and iteration,
the program substitutes the most current temperature/ pres-
sure data to the two new subroutines to update the two coeffi-
cients for the next step of simulation.

ACCOMPLISHMENTS

A new fluid property module, EOSN, was developed for
TOUGH?2 to simulate transport of noble gases in the subsur-
face. Like most other sister modules, TOUGH2/EOSN can
simulate nonisothermal multiphase flow and fully coupled
transport in fractured porous media. In applying the new
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ies. Vaporization and condensa-
tion of water may greatly affect
mass fractions of gases, which is
a factor to be considered in data
analyses. The study of noble
gases may be extended to any

other noncondensable gases or even volatile organic chemicals
(commonly referred to as VOCs).

RELATED PUBLICATIONS

Oldenburg, C. M., and K. Pruess, EOS7R: Radionuclide trans-
port for TOUGH?2. Berkeley Lab Report LBL-34868, 1995.

Shan, C., and K. Pruess, EOSN: A TOUGH2 module for noble
gases. Berkeley Lab Report LBNL-52379, 2003.
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PHYSICS-BASED RECONSTRUCTION OF SEDIMENTARY ROCKS
Dmitriy Silin and Tad Patzek
Contact: Dimitriy Silin, 510/495-2215, dsilin@lbl.gov

RESEARCH OBJECTIVES

The relative permeability and capillary pressure functions
define how much oil can be recovered from a reservoir. These
parameters are the key input data for any reservoir simulation.
The objective of this project is to develop methods of estimat-
ing the absolute permeability, capillary pressure, and relative
permeability functions by analyzing 3-D images of the rock.

APPROACH

High-resolution images of rock are obtained both by elec-
tron-scanning microscopy of cores and by physics-based com-
puter simulation of the sedimentary-rock formation process
[Jin et al., 2003]. In either case, the geometry of the pore space
is studied by applying methods of mathematical morphology
to the digital images [Silin and Patzek, 2003; Silin et al., 2003].

ACCOMPLISHMENTS

A general approach for process-based reconstruction of
sedimentary rocks has been developed [Jin et al., 2003]. The
procedure includes dynamic grain sedimentation and com-
paction, followed by diagenesis. The results are confirmed by
statistical comparison of computer-generated and natural
images of sandstone cores. The mechanical properties of the
natural rock, such as stress-strain curve, are also well repro-
duced in the computer-generated rock. Computer simulations
provide an insight into rock-damage propagation as a system
of coalescing microcracks.

A new, robust approach to studying the pore-space mor-
phology of rocks from their 3-D digital images has been devel-
oped. An efficient and stable algorithm, which distinguishes
between the pore bodies and pore throats and establishes their
respective volumes and connectivity, has been proposed and
tested. The output of this algorithm has been used to compute
a dimensionless drainage-capillary-pressure curve, which sim-
ulates mercury injection. This curve is a robust descriptor of
the pore-space geometry that can be used to determine the
quality of natural-rock computer reconstruction (see Figure 1).
An appropriate scaling of this image-analysis-based curve
should enable prediction of the rock capillary pressure.

SIGNIFICANCE OF FINDINGS

Our approach provides a practical, inexpensive, and fast
alternative to tedious core-flood experiments and allows the
investigator to run many “what-if” scenarios. The predictive
capability of the pore-scale calculations is especially important
for imbibition experiments in mixed-wet rocks and in multiple
drainage-imbibition cycles with two or three fluids present. For
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unconsolidated reservoir rock, analysis of computer-generated
images, based on the known grain-size distribution, is virtual-
ly the only way to get insight into rock transport properties.

capilary pressiee
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Figure 1. These 800+ dimensionless capillary pressurecurves have

been obtained for images of Fontainebleau sandstone. The porosi
ty of the imaged rock samples varies between 11% and 22%.

RELATED PUBLICATIONS

Jin, G., T. Patzek, and D. Silin. Physics-based reconstruction of sed-
imentary rocks. SPE Paper 83587 presented at SPE Western
Regional / AAPG Pacific Section Joint Meeting. Long Beach,
California, 2003; Berkeley Lab Report LBNL-52966, 2003.

Silin, D., and T. Patzek, An object-oriented cluster search algo-
rithm. Berkeley Lab Report LBNL-51599, 2003.

Silin, D., G. Jin, and T. Patzek, Robust determination of the pore-
space morphology in sedimentary rocks. SPE Paper 84296 pre-
sented at SPE Annual Technical Conference and Exhibition,
Denver, Colorado, 2003; Berkeley Lab Report LBNL-52942,
2003.
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NANOSCALE THREE-DIMENSIONAL ROCK IMAGING USING FOCUSSED ION BEAM
Liviu Tomutsa (ESD) and Velimir Radmilovic (NCEM)
Contact: Liviu Tomutsa, 510/486-5635, ltomutsa@lbl.gov

RESEARCH OBJECTIVES

Computation of effective flow properties of fluids in porous
media based on three-dimensional (3-D) pore-structure infor-
mation has become more successful in the last few years, due to
improvements in both input data and network models.
Computed x-ray microtomography has been successful in 3-D
pore imaging at micron scale, which is adequate for many sand-
stones. For other rocks of economic interest, such as chalk and
diatomite, nanoscale resolution is needed to resolve the 3-D-
pore structure. To achieve such resolution, a new method of
pore imaging using Focussed Ion Beam (FIB) technology is
being developed.

APPROACH

To directly access the pore structure at nanoscale scale, the
FIB is used to mill successive layers of the rock material. FIB
mills layers as wide as 50 micrometers and as thin as 10
nanometers by sputtering of atoms from the sample surface.
The FIB, consisting of gallium ions (Ga+) accelerated by poten-
tials of up to 30 kV and currents up to 20,000 pA, yields very
clean, flat surfaces in which the pore-grain boundaries appear
in high contrast. No distortion of the pore boundaries caused
by ion milling is apparent. After each milling step, as a new
surface is exposed, a 2-D image of the surface is obtained using
either the ion beam or the electron beam. While epoxy impreg-
nation improves the contrast in the images, unimpregnated
samples can yield excellent images (Figure 1). The high
pore-matrix contrast is used next to binarize the 2-D
images and, by stacking them, to reconstruct the 3-D
structures of the pore space.

ACCOMPLISHMENTS

The FIB method was used to generate, for the first
time, 3-D images of the pore spaces of Belridge diatomite
and North Sea Chalk. Both these rocks have pores and
pore throats in the tens to hundreds of nanometer range.

SIGNIFICANCE OF FINDINGS

Large oil reserves are present in both diatomite and
chalk formations. By obtaining the 3-D pore structure of

3-D pore images of complex fragile rocks, such as diatomite
and chalk, are essential for the construction of idealized pore
networks and the subsequent simulations of flow experiments
for various displacement processes (drainage, imbibition,
water-alternating gas, secondary drainage, etc.). Such experi-
ments would be extremely difficult, if not impossible, to per-
form in the laboratory. The calculations provide scientific
understanding of the pore-scale flow phenomena of mixed-
wet rocks, which control large-scale hydrocarbon or carbon
dioxide flow.

RELATED PUBLICATION

Tomutsa, L., and V. Radmilovic, Focussed ion beam assisted
three-dimensional rock imaging at submicron scale.
Proceedings of the 2003 International Symposium of the
Society of Core Analysts, Pau, France, September 21-24,
2003.
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Figure 1. (a) Ion-beam image of diatomite at 20,000x magnification, (b)

these rocks, we accomplished the first step in generating | Diatomite volume reconstructed from binarized successive images spaced at
the input data needed for pore-network simulators. The | 0.2 micron intervals. The pore space is dark .
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FINITE-DIFFERENCE MODELING OF 3-D ANISOTROPIC WAVE PROPAGATION
USING VARIABLE GRID SPACING
Aoife Toomey and G. M. Hoversten
Contact: Aoife Toomey, 510/486-6091, actoomey@lbl.gov

RESEARCH OBJECTIVES

Finite-difference modeling is routinely carried out to aid
interpretation of seismic data acquired during hydrocarbon
exploration. Most hydrocarbon reservoirs are overlain by low-
velocity sediments, whose effects on the wavefield must be
considered in order to successfully image deeper structures.
However, the computational expense associated with finite-
difference modeling is greater for low-velocity materials than
for high-velocity materials. Including the effects of anisotropy
on the seismic wavefield further increases the computational
expense. Three-dimensional anisotropic finite-difference mod-
eling has thus been restricted to small-scale models, unrealis-
tic velocity structures, or long wavelengths due to its demand
on computer time and memory. This research overcomes these
limitations by using parallel computation and improved com-
putational algorithms, enabling larger and more realistic geo-
logical models to be tackled.

APPROACH

We are using a fourth-order staggered-grid finite-differ-
ence (FD) solution to the wave equation. In a fourth-order
scheme, the wavefield must be sampled with at least five grid-
points per seismic wavelength to avoid numerical dispersion.
Geological models containing low-velocity zones require fine
discretization, and hence a large number of gridpoints,
because of the shorter seismic wavelengths in these zones.
When a uniform grid is used, oversampling of the wavefield
occurs in high-velocity zones. Using variable grid spacing
improves the efficiency of the FD method by partially avoiding
this oversampling. We are using the variable-gridding scheme
developed by Pitarka (1999). The grid spacing is adapted to the
velocity structure using spatial differential operators designed
for grids with nonuniform spacing. The coefficients to the spa-
tial differential operators depend on the spacing between grid-
points and are calculated at the beginning of the simulation.

ACCOMPLISHMENTS

We have implemented the 3-D variable-gridding ani-
sotropic FD code to run on a 30-processor Beowulf cluster
using message passing interface (MPI) . Pentium III processors
with 2 GB RAM and speeds ranging between 1 GHz and 1.4
GHz were used. On a single processor machine, model sizes
were limited to 200 x 200 x 200 gridpoints. This has increased
to 620 x 620 x 620 on the cluster (a 30-fold increase).

The accuracy of the variable-gridding code was tested for a
homogeneous anisotropic model with the elastic properties of
shale (a transversely isotropic material). We used a mesh with
a constant grid spacing of 6 m in the two horizontal
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directions. The vertical grid spacing decreased abruptly from 6
m to 3 m within a 300 m thick layer. A 20 Hz Ricker wavelet
was used as a pressure source. Figure 1 shows a snapshot of
the wavefield showing quasi-P- and -S-waves and a pure SH
wave. Horizontal black lines mark the change in grid spacing,
which clearly has no effect on the wavefield.
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Figure 1. Snapshot of the wavefield in a homogeneous VTI model
with vertical variations in grid-spacing indicated by thick black
lines. Quasi-P and -S waves and a pure SH wave are unaffected
by the change in grid-spacing.

SIGNIFICANCE OF FINDINGS

Our results show that variable-gridding and parallel com-
putation can be used to reduce the computational expense
associated with finite-difference modeling without any sacri-
fice in accuracy. These tools will enable us to incorporate more
realistic velocity structure and geological complexity in large-
scale 3-D anisotropic finite-difference modeling.

RELATED PUBLICATION

Pitarka, A., 3-D elastic finite-difference modeling of seismic
motion using staggered grids with nonuniform spacing.
Bull. Seism. Soc. Am., 89(1), 54-68, 1999.
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CHANGES IN NONCONDENSABLE GASES IN STEAM FROM THE
CERRO PRIETO GEOTHERMAL FIELD
Alfred H. Truesdale, Marcelo J. Lippmann, M. H. Rodriguezl, and A. Perez!
1Comisién Federal de Electricidad, Mexico
Contact: Marcelo Lippmann, 510/486-5035, mjlippmann@Ibl.gov

RESEARCH OBJECTIVES

Changes in CO, content and nitrogen/argon (N, / Ar) weight
ratios in the steam produced by wells from the eastern parts of
the Cerro Prieto geothermal field of Baja California, Mexico,
were studied to determine the effects of the main active process-
es in the reservoir (i.e, boiling, condensation, groundwater
recharge, and mixing) on the gases contained in the steam.

APPROACH

Comprehensive data sets have been collected on this >300°C
liquid-dominated geothermal field since the beginning of the
exploration phase of the project in the late 1950s. Electricity
began to be produced in 1973. Chemical and production data for
the period 1990-2000 were analyzed and plotted to determine
changes in the distribution of CO, concentrations and N,/ Ar
values with time. Only the physical aspects of the reservoir gases
were studied, mainly in connection with earlier work on solute
chemistry and enthalpy of well discharges.

ACCOMPLISHMENTS

The results of this study agree in general with our earlier
understanding of the response of the Cerro Prieto reservoir to
pressure drawdown due to large mass extraction rates. (About
14,000 tons/hour are extracted and some 3,500 tons/hour are
injected back into the reservoir.) In areas of boiling, production
enthalpy increased greatly, and CO, content in steam increased
two to three times. Nitrogen/argon ratios remained near that of
air-saturated surface waters, but were lower in areas where boil-
ing decreased and where production originated from gas-deplet-
ed brines residual to boiling. Newly drilled deeper wells also
produced steam that was low in gas and Ny / Ar ratios, suggest-
ing that these zones were also affected by boiling and gas loss.
Injection of highly evaporated, air-equilibrated brine seemed to
have little effect on the gases in the steam. There is evidence of a
1990 short-term, high Ny/ Ar anomaly in the eastern part of the
field (Figure 1), possibly from injection of air with the residual
brine. There is also evidence thatin 1995 and 1996, the northeast-
ern region of the field produced steam with much higher N,/ Ar
ratios, perhaps reflecting a bubble of altered magmatic gas that
entered the system at depth.

SIGNIFICANCE OF FINDINGS

The results show that it is possible to identify reservoir
processes by studying the chemical and physical response of
wells to large-scale exploitation. These studies are valuable for
anticipating changes in fluid production behavior. The infor-
mation helps design appropriate changes in
- _\‘\_l # the field management plan that may reduce
e rflf:{ any future negative impact on the field’s
| S e
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energy output. This is especially true at Cerro Prieto, since its
electricity output satisfies the needs of about a million people
(the present installed capacity is 720 MW). The work also
seems to indicate that bubbles of magmatic gas are injected
periodically into the geothermal reservoir as part of the
recharge mechanism of the system. This hypothesis warrants
further study.

Figure 1. Nitrogen/argon weight ratios in geothermal steam
produced by eastern Cerro Prieto wells for the years 1990, 1995,
and 2000. The shaded area corresponds to the intersection of the
main fault in the field (normal Fault H) with the top of the deep-
er reservoir (Beta Reservoir) (distances in meters).

RELATED PUBLICATIONS

Lippmann, M.J.,, A.H. Truesdell, M.H. Rodriguez, and A.
Pérez, Response of Cerro Prieto II and III to exploitation.
Geothermics, 2003 (in press).

Truesdell, A.H., M.J. Lippmann, M.H. Rodriguez, and A.
Pérez, Influence of reservoir processes on gas in Cerro
Prieto steam. Geothermal Resources Council Trans., 27,
2003 (in press); Berkeley Lab Report LBNL-53499.
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3-D RESISTIVITY IMAGING OF SINGLE-HOLE EM DATA
Hung-Wen (Ocean) Tseng and Ki Ha Lee
Contact: Hung-Wen Tseng, 510/486-5502, hwtseng@Ibl.gov

RESEARCH OBJECTIVES

Traditionally, electromagnetic (EM) induction logging has
been widely used for directly measuring the formation con-
ductivity surrounding uncased wells. Such a logging tool pri-
marily consists of a magnetic dipole transmitter and a receiver
in a coaxial configuration, in line with the borehole axis. As a
result of this cylindrically symmetric nature of source and
receiver, induction logging data offer no information about the
3-D conductivity distribution in the vicinity of the borehole.
We can only characterize the 3-D conductivity structure sur-
rounding a borehole if we can acquire multiple components of
the magnetic fields resulting from various source polariza-
tions. However, 3-D interpretations using such single-hole EM
data are difficult because of the richness and complexity of the
data and the very large number of discretized conductivity ele-
ments needed to construct a realistic earth model. Taking
advantage of the computing efficiency of an algorithm based
on a modified extended Born approximation (MEBA), we have
developed an algorithm for simulating and interpreting EM
data acquired in a single-hole environment.

APPROACH

Successful 3-D interpretation of geophysical EM single-
hole data depends on the efficiency of a fast forward simula-
tion as well as a sound inversion strategy. For EM simulations,
scattered magnetic field at observing locations can be calculat-
ed, provided the total electric field in a confined conductivity
inhomogeneity is known. This electric field can be derived
using the integral equation method. However, this method
quickly becomes impractical if the number of discretized cells
making up the anomalous region exceeds a certain limit. Based
on an approximation approach, the MEBA technique avoids
this problem by calculating the total electric field in the electri-
cal conductivity anomaly without solving any huge matrix
equation. This methodology also provides an efficient way to
calculate the Jacobian matrix for a 3-D inversion, which is
based on a least-squares criteria and uses a conjugate gradient
method for solving the system matrix equation.

ACCOMPLISHMENTS

We have verified the algorithm with simulation data. A set
of single-hole data collected at a site for a pilot CO; injection
project in southern California was used for inversion. The
inverted conductivity structure around a borehole is displayed
in Figure 1. Electrical conductivity variation within 8 m
around the borehole is clearly indicated—this could never
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have been achieved with logging data. The results conform
well to induction logging data and a crosshole section.

SIGNIFICANCE OF FINDINGS

With multicomponent magnetic data, 3-D interpretation of
geophysical EM single-hole data is now practical on PC-based
computing platforms. Weightings of the data must be careful-
ly selected because of the strong transmitter-receiver coupling
between the transmitting and receiving units for coaxial and
co-planar components.

RELATED PUBLICATION

Tseng, H.-W., K.H. Lee, and A. Becker, 3-D interpretation of
electromagnetic data using a modified extended Born
approximation. Geophysics, 68, 127-137, 2003.
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Figure 1. Inverted conductivity structure centered at a borehole
in the CO, injection project site. Transmitter-receiver separation
was 5 m; transmitter operating frequency was 6 kHz. Because of
a vertical source, all three magnetic-field components were used
for the inversion. The induction logging data is also displayed at
the center of each panel for comparison.
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RAPID IMAGING OF INTERWELL FLUID SATURATIONS USING
SEISMIC AND MULTIPHASE PRODUCTION DATA
Don Vasco and Akhil Datta-Gupta’
Texas A & M University
Contact: Don Vasco, 510/486-5206, dwvasco@lbl.gov

RESEARCH OBJECTIVES

Seismic imaging is a very powerful tool for obtaining high-
resolution views of the subsurface. The current goal of this
research project is to use seismic and fluid flow observations to
estimate reservoir flow properties such as porosity and perme-
abilities.

APPROACH

This year, we have developed a method that maps esti-
mates of reservoir pressure change, obtained from geophysical
observations, into interwell permeability variations. This tech-
nique allows us to obtain high-resolution images of reservoir
permeability in a reliable fashion. The method derives from
the fact that if we fix the pressure in the equation for fluid flow,
we have a linear first-order partial differential equation for
permeability. Thus, we use the time-lapse data to estimate
pressure variations in the reservoir. We then substitute these
pressures in the flow equation and solve for permeability.

ACCOMPLISHMENTS

We have applied the imaging technique to a set of cross-
well seismic and electromagnetic data gathered at the Lost
Hills oil field. Time-lapse crosswell data were collected before
and after the injection of CO,. The data were first mapped into
water and CO, saturation changes and pressure changes
between the wells (Figure 1a). Based upon these changes, we
then inferred reservoir permeability variations (Figure 1b).

SIGNIFICANCE OF FINDINGS

The results are significant because they enable us to esti-
mate permeability directly from geophysical observations.
Note specifically that reservoir simulation is not required in
this approach. Furthermore, the inverse problem for perme-
ability is linear in nature, and consequently the solution is
more robust and less sensitive to an initial reservoir model.
Also, we can estimate permeability in regions that have under-
gone pressure changes. Thus, we can estimate permeability for
portions of the reservoir that have not yet been produced.

Vil il B

RELATED PUBLICATIONS

Vasco, D.W., K. Karasaki, and K. Kishida, A coupled inversion of
pressure and surface displacement. Water Resour. Res., 37,
3071-3089, 2001.

Vasco, D.W., A. Datta-Gupta, R. Behrens, P Condon, and J.
Rickett, J., 2003. Seismic imaging of reservoir flow proper-
ties: Time-lapse amplitude changes. Geophysics 2003 (sub-
mitted).

Vasco, D.W,, Seismic imaging of reservoir flow properties: Time-
lapse pressure changes. Geophysics, 2003 (submitted).
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Figure 1. (A) Pore pressure changes due to the injection of CO,.
(B) Estimates of reservoir permeabilities in the interwell region.
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The Environmental Remediation Technology Program
(ERTP) conducts multidisciplinary environmental research on
characterization, monitoring, modeling, and remediation tech-
nologies. This research is directed primarily at U.S.
Department of Energy and Department of Defense waste site
problems, as well as pollution problems in California—espe-
cially those targeted by the CALFED program for the San
Francisco Bay /Delta. Since many of the contaminants or close-
ly related compounds found at these sites are also dominant at
industrial waste sites, much of this research is also applicable
to problems faced by the private sector and other government
agencies. These projects are both basic and applied, and
include everything from molecular studies to full-scale field
deployments in all types of media (gas, water, sediment), in all
types of environments (wetlands to deserts). This year’s major
customers have been DOE Office of Environmental Man-
agement, DOE Office of Science, DOE National Nuclear
Security Administration Chemical and Biological Non-
Proliferation Program NN-22, Work for Others-DOD, Work for
Others-USEPA, Work for Others-CALFED, and Work for
Others (Industry and Other Government Agencies).

DEMONSTRATIONS AND DEPLOYMENT

ERTP supports DOE’s Office of Environmental
Management (EM) in both the areas of Environmental
Restoration and the Office of Science and Technology. Berkeley
Lab ESD scientists directly supervise characterization, remedi-
ation, and monitoring, and provide regulatory and permitting
support to Berkeley Lab’s Environmental Health and Safety
Department for all environmental problems on site. During
this past year, the program demonstrated and deployed tech-
nologies for thermally enhanced vapor extraction of volatile
organic compounds (VOCs), constant-head well testing for
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ENVIRONMENTAL REMEDIATION

TECHNOLOGY

Terry C. Hazen

510/486-6223
tchazen@lbl.gov

characterization of low-yield porous materials, and ground-
water flow models for complex geological structures.

This past year, ERTP has developed a new method, imple-
mented in a code called ODA, to analyze the operation pump-
ing rates for underground injection of liquid wastes for the
U.S. Environmental Protection Agency. This represents a sig-
nificant safety enhancement over normal injection practices.
ERTP scientists have also shown how strontium isotopes can
be used to determine vadose zone infiltration flux and how
carbon isotopes can be used to measure biodegradation rates
of buried waste by carbon dioxide analyses of soil gas. At DOE
waste sites, they have also demonstrated how uranium isotope
analysis can be used to determine source histories and migra-
tion rates. In addition, ERTP scientists have field-demonstrat-
ed a new crosswell high-frequency seismic method for deter-
mining nonaqueous-phase liquid (NAPL) contamination in
groundwater aquifers. Since NAPL is the hardest contaminant
source to detect and remediate, this method could save both
time and money in characterization and monitoring during
and after remediation.

ERTP also supports EM with technical expertise via the
International Programs in Russia, Ukraine, and Argentina;
Environmental Laboratory Council, EM Technical Assistance
Program, the multi-agency DNAPL Technology Advisory Group,
and the Hanford Vadose-Groundwater-River Integrated Program.

FIELD AND LABORATORY STUDIES

DOE’s Office of Science provides funding for several ERTP
projects. The basic research projects funded in this area take
advantage of the unique facilities at Berkeley Lab, such as the
Advanced Light Source, where researchers look at the interac-
tions between contaminants, water, and minerals at the
microscale. ERTP scientists have also shown how humic acid
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accelerates biodegradation of organic contaminants using syn-
chrotron IR methods. Further, ERTP is conducting a project (fund-
ed by the Natural and Accelerated Bioremediation Research
[NABIR] program) that looks at mesoscale biotransformation
dynamics as the basis for predicting core-scale reactive transport
of chromium and uranium. The Environmental Management
Science Program (EMSP) funds projects on the geochemical evo-
lution of highly alkaline and saline tank waste plumes in vadose
zone sediments at DOE waste sites. DOE’s Initiatives for
Proliferation Prevention program also funds ERTP for bio-
prospecting in the extreme environments of the Kamchatka
Peninsula in Russia.

ERTP efforts have recently achieved numerous scientific
breakthroughs and advancement in knowledge. ERTP scientists
showed this year that biological treatment of mixed wastes rep-
resents a safer alternative to incineration. Using a drip-feed
bioreactor, ERTP scientists were able to degrade mixed wastes
containing acetonitrile and tritium, so that only the radioactive
component remained without dilution. ERTP scientists also
developed a new module for the TOUGH2 simulator that mod-
els landfill biodegradation processes—to allow landfill manage-
ment of optimal biodegradation rates for faster and safer closure.
Moreover, using EMSP funding, ERTP scientists have developed
a new high-frequency electromagnetic impedance measurement
system for characterization, monitoring, and verification for
buried waste and landfills. ERTP scientists have also demon-
strated new techniques for measuring microbial backgrounds in
air, using DNA microarrays that can determine variations in
community structure from site to site. The effects that perturba-
tions might have on key organisms can thus be determined, as
can the reliability of various detection systems.

DEMONSTRATIONS AND TECHNICAL
ASSISTANCE FOR INDUSTRY/
OTHER AGENCIES

ERTP has researched selenium transport in the Grassland
Water District, California, for many years. Recent research has
focused on better methods for compliance monitoring and
management. The U.S. Bureau of Reclamation has sponsored
this work in an effort to better manage selenium loading in the
agricultural wastewater of the San Luis Drain. ERTP scientists
showed that real-time management of dissolved oxygen in the
San Joaquin River Deep Water Ship Channel was possible. The
Sonoma County Water Agency has also funded ERTP scientists
to model hydraulic conductivities along the Russian River in
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northern California, using groundwater temperature profiles.
ERTP scientists have also developed a real-time sensor that can
monitor suspended sediment loads and streams, and thus
improve watershed management.

ERTP also provides technical consultation to private indus-
try and other government agencies on implementing Berkeley
Lab- and DOE-patented technologies at private and govern-
ment-owned sites. Private industry must have a license to the
technology for use at private sites, and all ERTP expenses are
reimbursed by the company or another agency. Several con-
tracts this year were executed for consultation regarding biore-
mediation and characterization.

NABIR PROGRAM OFFICE

ERTP continued to be the Natural and Accelerated
Bioremediation Research (NABIR) Program Office for the Office
of Science. The NABIR Program Office maintains the dynamic
NABIR Web home page (www.lbl.gov/NABIR/) with links to
investigators, program element managers, science team leaders,
recent publications, annual meeting registration, calls for pro-
posals, review documents, and other Web sites. In addition, the
NABIR Program Office also organizes the NABIR annual inves-
tigators meeting, with more than 150 participants and sessions
for posters, presentations, and breakout sessions. Moreover, the
NABIR Program Office is producing a new NABIR bioremedia-
tion primer that will be available to the public in print or elec-
tronically on the NABIR home page. The NABIR program office
also assisted DOE-HQ in reviewing and evaluating field-project
implementation at the Field Research Center for the NABIR pro-
gram at Oak Ridge National Laboratory.

PARTNERS AND FUNDING

ERTP receives support from DOE programs in the Offices of
Science and Environmental Management. The EM programs
include the Environmental Management Science Program (now
in the Office of Science); the Subsurface Contaminants Focus
Area; and the Characterization, Monitoring, and Sensor Tech-
nology Crosscutting Program. The Office of Science funds the
NABIR Program Office at Berkeley Lab, and the Office of
Science, Office of Biological and Environmental Research funds
two environmental remediation projects. The DOE IPP and NN-
22 also fund two biological monitoring and bioprospecting proj-
ects. Support is also provided by the Department of Defense,
Cal-EPA, other DOE Labs, DHS, UC Berkeley, and the U.S.
Bureau of Land Management.

- A
riEae t:{
| sy boam |

Vil il B



Earth Sciences Division
Berkeley Lab

Environmental Remediation Technology Program

Research Summaries
2002-2003

DNA MICROARRAYS FOR CHARACTERIZATION OF MICROBIAL BACKGROUNDS
Gary Andersen, Todd DeSantis, and Sonya Murray
Contact: Gary Andersen, 510/495-2795, glandersen@lbl.gov

RESEARCH OBJECTIVES

The primary goal of this project is to understand the quanti-
ty and composition of background microorganisms in the envi-
ronment and to define and predict their ability to interfere with
DNA-based pathogen detection systems. By providing baseline
knowledge of bacterial organisms in urban aerosols and other
environmental samples, this work will make it possible to pre-
dict the sensitivity, accuracy, and reliability of DNA-based detec-
tion schemes under “real world” conditions. Characterization of
bioaerosols is also important for determining the long-term
effects of introducing engineered microorganisms for biopesti-
cides and bioremediation on downwind environments.

APPROACH

Sequence variation within the 165 rRNA gene was used to
provide an effective method for the identification of bacteria in
environmental samples without the need for their cultivation.
Taking advantage of the fact that all bacteria possess a 16S
rRNA gene, we developed a high-density oligonucleotide
microarray for simultaneous identification of all bacterial
components in any complex environmental sample. Multiple,
sequence-specific probes target sections of the gene that are
unique to each species. The combinatorial power of multiple
probes increases the confidence of correct species identifica-
tion. Our latest design has 500,000 probes arrayed on a 1.3 cm?
surface. The unique discriminatory power of this microarray
allows, for the first time, a high-throughput method for fine-
scale microbial species composition measurements. Thus, it is

Figure 1. The microbial composition in the atmosphere is high-
ly dynamic. Organisms are released into the air from both local
and long-range sources.

possible to measure, over time, the fate of hundreds of differ-
ent species in a complex microbial community subject to mete-
orological or other variations.

ACCOMPLISHMENTS

We collected replicated aerosol samples from two biosur-
veillance studies targeting 12 U.S. cities and from an eight-site
longitudinal transect comparing urban and rural bacterial
community composition. Changes in microbial community
composition were observed from city to city and from urban to
rural areas. Information on bacterial species composition and
relative amounts as determined by the strength of the
hybridization interaction is being placed on a database. An
information retrieval network is being established that will
allow researchers to identify predominant organisms for spe-
cific cities, seasons, or other user-defined variables.

SIGNIFICANCE OF FINDINGS

Variations from site to site suggest that local reservoirs play
a significant role in bacterial community composition. The
increased diversity of urban sites over rural sites further
strengthens this observation, with a greater number of distinc-
tive habitats in the urban areas. The sequence-specific
hybridization of 16S rRNA to a microarray allows the gather-
ing of detailed information on microbial composition and
diversity for any environmental sample. By comparing the
microbial species composition before and after an environ-
mental perturbation, key organisms may be identified.

RELATED PUBLICATIONS

Wilson, K. H., W.J. Wilson, , ].L. Radosevich, T. Z. DeSantis, V. S.
Viswanathan, T.A. Kuczmarski, and G.L. Andersen, High
density microarray of small subunit ribosomal DNA probes.
Appl. Env. Micro., 68 (5), 2535-2541, 2002.

DeSantis, T. Z., 1. Dubosarskiy, and G.L. Andersen, Compre-
hensive aligned sequence construction for automated design
of effective probes (CASCADE-P) using 16S rDNA.
Bioinformatics, 19 (July 2003 issue).
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SMART STORAGE OF LANDFILLED WASTE
Sharon E. Borglin, Terry C. Hazen, Curtis M. Oldenburg, and Peter T. Zawislanski
Contact: Sharon E. Borglin, 510/486-7515, seborglin@lbl.gov

RESEARCH OBJECTIVES ACCOMPLISHMENTS

Although Subtitle D landfills are permitted to contain only Measurements of leachate quality and gas production
nonhazardous municipal solid waste (MSW), in fact they often clearly demonstrate that aerobic treatment of MSW creates a
include substances such as metals, solvents, halogenated more stable and environmentally benign waste mass over a
organics and mercury. Currently, most landfills are “dry shorter treatment time than does anaerobic waste treatment.
tombs” because moisture and air exposure are restricted, slow- Comparison of carbon production from both aerobic and
ing biodegradation of the waste and increasing the time anaerobic reactors shows that in the 400-day test period, the
required for landfill stabilization. The time period over which aerobic tank produced 6 mol C/kg MSW, whereas the anaero-
the waste presents itself as a risk for contamination of air and bic bioreactor produced 4 mol C/kg waste. Thus, the aerobic
water extends to decades, severely limiting land reuse options. tank was 50% more stabilized than the anaerobic bioreactor.
In addition, landfill costs have more than - Additionally, methane production was

slowed in the anaerobic tank by excess
ammonia production, potentially requir-
ing an additional treatment step for
removal. Elevated levels of several metals
and biochemical oxygen demand were
measured in the anaerobic leachate. These
leachate quality issues associated with the
anaerobic system would require addition-
al investigation.

doubled in the last 15 years, as the require-
ments for stabilization and containment of
waste have become increasingly stringent,
and obtaining a permit for a new landfill
site has become more costly.

Smart Storage is the active control of
the waste containment environment for
accelerated degradation and stabilization
of landfill waste. Smart Storage provides a
framework for managing landfilled waste
that includes long-term, cost-effective,
and environmentally sustainable solu-
tions based on bioreactor technology.

SIGNIFICANCE OF FINDINGS

This study directly compared identi-
cal MSW samples in controlled laboratory
Extreme heterogeneity and the large scale conditions to give relative rates of settle-
of landfills make comparison between the i ment, gas production, and leachate quali-
technologies difficult. This study directly ty to support the decision-making process

compares identical MSW samples in con- ll?gure : Schematic of the laboratory landfill | cerning aerobic and anaerobic strate-
10reactor

trolled laboratory conditions to give rela- gies. The study shows that although both
tive rates of settlement, gas production, and leachate quality to aerobic and anaerobic treatment is superior to dry-tomb land-
support the decision-making process concerning aerobic and fill management, the aerobic treatment is a more sustainable
anaerobic strategies. and environmentally friendly solution.
APPROACH RELATED PUBLICATION

Mesoscale laboratory reactor systems (see Figure 1) filled Borglin, S.E., T.C. Hazen, C.M. Oldenburg, and P.T. Zawislanski,
with MSW were used to measure respiration rates, methane Comparison of aerobic and anaerobic biotreatment of munic-
and carbon dioxide generation rates, subsidence, and leachate ipal solid waste. Journal of the Air and Waste Management
quality. Three treatments were applied to the bioreactors: (1) Association, June 2003 (submited).

aerobic landfill (air injection with water addition and leachate
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recirculation), (2) anaerobic landfill (no air injection, water
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REAL-TIME SENSOR TO MONITOR SUSPENDED SEDIMENT LOADS IN STREAMS
Chris G. Campbell
Contact: 510/495-2953, cgcampbell@lbl.gov

RESEARCH OBJECTIVES

Throughout California and worldwide, water quality is
negatively impacted by suspended sediments in surface water
bodies. Not only is sediment itself a major pollutant, but addi-
tional contaminants in these environments, including heavy
metals and organic compounds like polychlorinated
biphenyls, dioxins, and pesticides, are likely to be adsorbed to
suspended sediments. Unfortunately, current methods to
measure the total mass of suspended sediment mobilized in
storm water runoff are inadequate. As a result, it is impossible
to accurately estimate the total load of either sediment or asso-
ciated contaminants transported with sediments during
storms.

In response to this challenge, our project developed a fiber-
optic in-stream technology (FIT) for continuous measurements
of suspended sediment load in surface waterways. Our
research objectives were to:

(1) Assemble and test the FIT for light absorbance measure-
ments in suspended sediment solutions.

(2) Address calibration issues.

(8) Compare measurements to a commercially available tur-
bidity probe.

(4) Examine portable and stationary field measurement
designs.

APPROACH

The FIT is based on optical light absorbance occurring
between two linear fiber-optic arrays. Suspended sediment
moving between the source and detector decreases the total
light intensity reaching the detector. Light in the red spectra
(around 680 nm) was selected to focus on sediment particles.
Commercially available turbidity probes measure light scatter-
ing at a 90° angle, which is extremely sensitive to sediment
geometry (e.g., particle size and shape). The increased sam-
pling size, linear arrangement, and uniquely paired source and
detectors make the FIT a superior device for estimating sedi-
ment loads.

ACCOMPLISHMENTS

Our proof-of-concept studies examined using a low-energy
light source, a red light-emitting diode (LED), connected to a
linear fiber-optic array, to measure suspended sediments in a
specially designed storm water simulator. Tests examined sedi-
ment loads ranging from 1 to 10 g/L, with five particle size
classes from 45 to 1,000 mm. We also compared the FIT to a com-
mercially available turbidity probe. Applications of the FIT were
successful, with a high signal-to-noise ratio. By adjusting the

source-detector spacing, we showed that the
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linear measurement range may be optimized for a 1 to 10 g/L
load (Figure 1). This linear relationship allows for simple
device-calibration procedures.

The turbidity probe also measured a linear response to the
suspended sediment, but reached a maximum measurement at
3.0 g/L (Figure 1). This maximum may be insufficientin streams
that commonly reach maximum loads of 10 g/L during large
storms. The variability in turbidity measurements is also much
larger than the FIT, because of turbidity’s sensitivity to sediment
geometry.
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Figure 1. Measurements collected from the prototype FIT (cir-
cles) and a commercially available turbidity probe (squares) for
suspended sediment loads of 1.0 to 10.0 g/L and for 5 different
particle size classes. Data were collected in the laboratory using
a specially designed storm water simulator. The Y-axis is the
measurement value normalized between 0 and 1.

SIGNIFICANCE OF FINDINGS

The FIT is an accurate, simple to calibrate, inexpensive, and
reliable alternative to turbidity measurements for real-time
measurements of suspended sediment loads in streams. The
application of devices like the FIT could provide information
that would ultimately improve stream water quality.
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A STOCHASTIC INTEGRATED APPROACH TO PARAMETER ESTIMATION USING
GEOPHYSICAL DATA

Jinsong Chen, Susan Hubbard, Michael G. Hoversten, and Ernest Majer
Contact: Jinsong Chen, 510/486-6842, jchen@lbl.gov

RESEARCH OBJECTIVES

Subsurface investigations often require characterizing hydro-
geological and geochemical parameters. Well-log or core meth-
ods for collecting these data are invasive and laborious, and are
therefore rarely acquired at a sufficient spacing for describing
field conditions. Integrated approaches, which combine multiple
sources of information such as wellbore and geophysical meas-
urements, offer great potential for improved, minimally inva-
sive, and cost-effective characterization. Deterministic integra-
tion methods, however, are limited because of their inability to
solve for a large number of unknown param-
eters, or to find a global optimal solution, or
to describe the uncertainty associated with
those parameters. We have developed a sto-
chastic integrated approach that overcomes
these limitations, based on the Markov chain
Monte Carlo (MCMC) method. This | -,
approach has been applied to two different |
data sets in order to demonstrate the benefits | '~
of the method for integrating multiple
sources of information.

APPROACH

Our integration framework is based on a
Bayesian estimation approach. Within this
framework, all unknown quantities are con-
sidered as random variables, and observable
parameters are considered as data with meas-
urement errors. The unknown variables and
the known data are linked by geophysical
forward models, rock physical relationships, | &
and the site-specific cross correlations
between all the parameters. Those variables,
data, and relationships together define a joint
conditional probability function (or posterior | = &
probability function). Our goal was to obtain
the marginal posterior probability function

for each unknown variable by conditioning | Figure 1. An example illustrating the use
on all the available information. Since analyt- | of our stochastic integration approach for
ical methods are not tractable when the joint | geochemical parameter estimation. In this

ACCOMPLISHMENTS

We employed the developed stochastic model with cross-
hole ground-penetrating radar attenuation data to estimate
sediment geochemical parameters at the South Oyster
Bacterial Transport Site in Virginia (Figure 1). We also
employed the method with crosshole seismic and electromag-
netic data to estimate reservoir parameters, such as porosity
and water saturation. Results from the two case studies
showed that the developed method was more accurate, flexi-
ble, and efficient than deterministic approaches for integrating
multiple sources of parameter-estimation
information.

SIGNIFICANCE OF FINDINGS

We have developed a general framework
that can be used to integrate various types of
data sets for parameter estimation. This is
the first effort to use minimally invasive and
cost-effective geophysical data to aid in esti-
mation of field-scale geochemical parame-
ters. The methodology is particularly advan-
tageous for use with data sets involving a
large number of variables and complicated
relationships between the variables.

RELATED PUBLICATIONS

Chen, J., S. Hubbard, Y. Rubin, C. Murray, E.
Roden, and E. Majer, Geochemical char-
acterization using geophysical data: A
case study at the South Oyster Bacterial
Transport Site in Virginia. Water Resources
Research, 2003 (in press).

Chen, J., and M.G. Hoversten, Joint stochastic
inversion of geophysical data for reservoir
parameter estimation. 73rd Annual
International Meeting, Society of Explor-
ation Geophysics, 2003 (submitted).
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IDENTIFYING THE SOURCES OF SUBSURFACE URANIUM CONTAMINATION AT THE
HANFORD SITE, WASHINGTON
John N. Christensen, P. Evan Dresel!, Mark Conrad, Kate Maher, and Donald J. DePaolo
Pacific Northwest National Laboratory (PNNL)
Contact: John N. Christensen, 510/486-6735, jnchristensen@lbl.gov

RESEARCH OBJECTIVES

In the mid-1990s, a groundwater plume of uranium (U) and
other contaminants was recognized in monitoring wells in the B-
BX-BY Waste Management Area (WMA) at the Hanford Site in
Washington. This area had been used since the late 1940s to store
high-level radioactive waste and other products of U fuel-rod
processing. Consequently, within a small area there are a number
of potential sources for contamination. Some records exist of
inadvertent waste spills, and several locations of vadose zone
contamination had been identified. Two of these plumes were
cored in an effort to understand the extent and nature of the con-
tamination. However, the pattern of U concentration in these
cores did not fully resolve the source issue. We undertook a
study of the variation in U isotopic composition within the
vadose zone and groundwater U plumes to better understand
the source and history of contamination, as well as its transport
in the subsurface.

APPROACH

The isotopic composition of natural U contrasts with the
variable isotopic composition of U from processed fuel rods.
This variation can be used as a tracer and fingerprint of con-
tamination. We applied a new technique using MC-ICP-MS to
provide high-precision isotopic measurements of small U sam-
ples, generating 234U /238U, 235U /238U, and 236U /238U ratios.
Samples were provided from two cores (E33-45 and E33-46;
see inset to Figure 1) through vadose zone plumes of U con-
tamination near two single-shelled tanks in the B-BX-BY
WMA. Uranium from pore waters in the sediment samples
were separated and analyzed for isotopic composition.
Aliquots of groundwater samples taken from wells in the area
(see inset to Figure 1) were also ana-
lyzed. These samples cover the known
extent of the groundwater U contami-
nation plume. The results of the iso-
topic analyses are evaluated and com-
pared to each other to identify sources
and the extent of mixing with back-
ground U.

ACCOMPLISHMENTS e

Twenty-five samples from the two

cores were analyzed, along with nine -

groundwater samples. The results of
the analyses are displayed in Figure 1.
The isotopic signature of the E33-45

|nr "---.—l:-un.d

groundwater samples. In addition, the isotopic variation of the
groundwater samples can be explained by mixing between nat-
ural background U and the E33-45 contamination U. The vadose
zone plume in the E33-46 core was probably not a significant
source of groundwater contamination.

SIGNIFICANCE OF FINDINGS

A comparison of the U isotopic data to model histories of
fuel rod isotopic compositions demonstrates that the E33-45
contamination is consistent with a large spill event in 1951, as
had been suspected from historical records. The locus of this
spill is about 150 m from the core of the groundwater plume,
suggesting significant horizontal displacement of the contam-
ination before it encountered the water table. Over 50 years
separates the vadose zone spill and the groundwater contam-
ination detected in the mid-1990s, indicating a continuing
large potential for contamination. Between 1993 and 2001, it
appears that the groundwater U contamination migrated at
an average of ~0.7 m/day. High-precision U isotopic meas-
urements provide an improved tool for tracing and under-
standing the behavior of U contamination in the subsurface
and groundwater.
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76RL01830 to Pacific Northwest National Laboratory.

S Figure 1. Uranium isotopic data for groundwater (red circles) samples, and sediment pore water
core  contamination | gom cores E33-45 (blue squares) and E33-46 (green squares). Left panel 238U /235U vs. 236U /238U
plume matches the | and right panel 234U /238U vs. 236U/238U. Inset in left panel is a map of analyzed sample well
most contaminated | and core locations in the B-BX-BY Waste Management Area.
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ESTIMATION OF NATURAL BIODEGRADATION RATES OF ORGANICS IN
BURIED WASTE AT INEEL
Mark Conrad and Donald J. DePaolo
Contact: Mark Conrad, 510/486-6141, msconrad@Ibl.gov

RESEARCH OBJECTIVES

Radioactive waste resulting from U.S. Department of
Energy activities is buried in shallow pits in the Subsurface
Disposal Area (SDA) at the Radioactive Waste Management
Complex (RWMC) of the Idaho National Engineering and
Environmental Laboratory (INEEL). In addition to the
radionuclides, the waste drums also contain significant
amounts of chlorinated solvents mixed with lubricating oils.
Leakage from the drums has resulted in a plume of vapor-
phase contaminants in the vadose zone. The main objective of
this study was to use measurement concentrations and iso-
topic compositions of CO, from the SDA to assess the poten-
tial for bioremediation of the organic contaminants at the site.

APPROACH

Over a 2-year period, pore gas samples were collected from
monitoring wells in and around the RWMC site. Gas sampling
ports within the monitoring wells were designed for sampling
discrete depth intervals. Sampling depths ranged from <1 m to
180 m. For each sample, the CO, concentration and stable car-
bon isotope ratios (813C values) were measured. In addition, the
14C contents of a subset of these samples were also measured.
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Fgure 1. Concentrations of CO, versus sampling depth for sam-
ples from monitoring wells in the Subsurface Disposal Area (red
circles) and from background wells (blue circles) adjacent to the
site. The dashed orange line corresponds to CO, concentrations
calculated for a 20 m thick production zone (the shaded area
between 15 m and 35 m) with CO, concentrations averaging
0.9% (versus 0.2% in the background wells).
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ACCOMPLISHMENTS

Carbon dioxide concentrations in pore gas samples from
monitoring wells in the vicinity of the disposal pits were 3 to 5
times higher than the concentrations in nearby background
wells. The 813C values of CO, from the disposal pits averaged
2.4%yo less than CO, from the background wells, indicating that
the elevated CO, concentrations around the pits were derived
from source materials with §13C values in the range of -24%o to
-29%o. These 813C values are typical of lubricating oils, but
higher than most solvents. The radiocarbon (14C) contents of
CO, across most of the site were significantly elevated above
modern concentrations because of reactor blocks buried in a
subsurface vault at the site. However, several samples collect-
ed from the high-CO, zone on the far side of the RWMC from
the reactor blocks had very low 14C contents (less than 0.13
times modern), confirming production from lubricating oils
manufactured from fossil hydrocarbons.

SIGNIFICANCE OF FINDINGS

The key aspects of the data collected for this project
include the following:

e The higher concentrations of CO; in the pore gas sam-
ples from the vicinity of the disposal pits indicate ele-
vated levels of subsurface microbial activity.

¢ The lower 8!3C values of the CO, in the disposal area
suggest that the source of the elevated CO, concentra-
tions is organic carbon.

e 14C contents of less than 13% of modern indicate that
biodegradation of fossil hydrocarbon compounds in the
waste material is the primary source of the CO,.

A simple 1-dimensional production-diffusion model of the
CO, anomaly observed at the site is consistent with intrinsic
biodegradation rates on the order of 0.5 to 2.0 metric tons of
carbon per year. This represents degradation of approximate-
ly 1% per year of the lubricating oils buried in the disposal
pits.

RELATED PUBLICATION

Conrad, M.E,, and D.J. DePaolo, Carbon isotopic evidence for
biodegradation of organic contaminants in the shallow
vadose zone of the Radioactive Waste Management
Complex. The Vadose Zone Journal, 2003 (in press).
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DOE ENVIRONMENTAL MANAGEMENT INTERNATIONAL PROJECTS HIGHLIGHTS
Boris Faybishenko
Contact: 510/486-4852, bafaybishenko@lbl.gov

BACKGROUND AND OBJECTIVES

Berkeley Lab is involved in eight projects with Russia,
Ukraine, and Argentina. The projects with Russia are conducted
according to a “Memorandum of Cooperation in the Areas of
Environmental Restoration and Waste Management” between
DOE and the Ministry of Atomic Energy for the Russian
Federation. The projects with Argentina are being conducted
according to the “Implementing Arrangement” between DOE
and the National Atomic Energy Commission of the Argentine
Republic. The collaboration with Ukraine is provided in accor-
dance with the agreement between the U.S. and Ukraine gov-
ernments concerning the International Radioecology
Laboratory of the International Chernobyl Center.

The overall goal of these projects is to assess and improve
the capability of the DOE's fate and transport models in predict
ing future environmental and human impacts of radioactive
contaminant releases. The international sites chosen will benefit
from application of the latest U.S. models, while DOE will ben-
efit from access to long-term and detailed monitoring data sets
of contaminant transport in a variety of contaminant, climatic,
and geological settings.

APPROACH AND ACCOMPLISHMENTS

The projects with Russia include predictions of transport of
radionuclides (99Sr, 137Cs, 238U, and 239Pu) and nitrates in the
groundwater at the Mayak and the Lake Karachay sites (which
are among the most radioactively contaminated sites in the
world). Models for deep well injection of liquid radiation
waste have been developed for the Tomsk site. In addition,
conceptual and numerical models have been developed for
vadose zone flow and transport at two field sites (Novo-
Voronezh and Tomsk), as well as comparison of modeling and
experimental data for calibrating the numerical models.

The International Radioecology Laboratory in Ukraine pro-
vides services to researchers from Texas Tech University and
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the Savannah River Ecology Laboratory to conduct their
research in the Chernobyl Exclusion Zone. A Special Issue of
the International Journal of Environmental Sciences and
Pollution Research (ESPR) devoted to problems arising from
the Chernobyl Nuclear Power Plant accident of 1986 is being
edited and prepared for publication, including manuscripts
submitted from Ukraine, Canada, U.S., and Russia.

The projects with Argentina include: (1) numerical mod-
eling and characterization of groundwater flow and contam-
inant transport at the Ezeiza nuclear waste disposal site, with
recommendations for appropriate monitoring technologies;
and (2) investigations of the physics of liquid flow and con-
taminant transport to develop improved conceptual and
mathematical modeling for unsaturated fractured-porous
media.

SIGNIFICANCE OF FINDINGS

These projects will allow DOE researchers, engineers, and
managers to use international scientific resources to test and
build confidence in DOE's fate and contaminant transport
models and remediation technologies, and to reduce the costs
and increase the predictability of remediation technologies
during long-term stewardship of DOE sites.

ACKNOWLEDGMENTS

This work was supported by the Assistant Secretary of the
Office of Environmental Management, Office of Science and
Technology, Environmental Management Science Program, of
the U.S. Department of Energy under Contract No. DE-AC03-
76SF00098. The aforementioned projects are managed by the
Joint Coordinating Committee for Environmental Restoration
and Waste Management (JCCEM) of DOE and the Institute for
International Cooperative Environmental Research of Florida
State University.
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NAPL CONTAMINANT LOCATION WITH
Hi1GH-FREQUENCY CROSSWELL SEISMIC METHODS
Jil T. Geller, Ernest L. Majer, Jonathan Ajo-Franklin, Kenneth H. Williams, and John E. Peterson
Contact: Jil T. Geller, 510/486-7313, jtgeller@lbl.gov

RESEARCH OBJECTIVES

Our objectives are to develop, demonstrate, and evaluate,
at appropriate field sites, the utility of high-frequency seismic
imaging methods to detect and characterize

TCE Sl Sia
nonaqueous-phase liquid (NAPL) contami- g dkiin
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APPROACH

This work is a new application of
Berkeley Lab’s high-frequency crosswell seis-
mic imaging system. Crosshole seismic data
is obtained at sites known to have NAPL con-
tamination to map the distribution of P-wave
velocities and amplitudes between boreholes
(tomograms). Several approaches are tested
to distinguish anomalies arising from the
presence of NAPL from those arising from
lithological heterogeneities, including: (1)
time-lapse measurements before and after
remediation, (2) comparison of tomograms
from the contaminated location with nearby
clean locations, (3) calibration of field data
with laboratory measurements on cores from
the site with varying amounts of NAPL, and
(4) constraint of seismic data with crosswell
radar data.

ks dren g ol caceey

ACCOMPLISHMENTS

We obtained baseline crosswell data
(before remediation) at two contaminated
sites where remediation is currently in
progress. We also measured P-wave trans-
mission on cores from one of the sites, as a
function of NAPL/water saturation. At the
northeast site of the former DOE Pinellas
Plant in Florida, NAPL trichloroethylene
(TCE), toluene, methylene chloride, weathered oils, and resins all
contaminate the 30 ft deep surficial aquifer. In laboratory tests on
core from selected survey boreholes, NAPL TCE and toluene
caused significant reductions in P-wave velocity and increases in
P-wave attenuation relative to water-saturated conditions. Our
crosswell seismic and radar surveys, within and outside of the
area identified as having NAPL, reveal continuous sedimentary
layers where NAPL could be trapped. Regions of anomalously
high P-wave attenuation occur throughout the surveyed region,
which may arise from lithology, biogenic gas, NAPL, or a combi-
nation of these. At the Paducah Gaseous Diffusion Plant in
Kentucky, we collected crosswell seismic data at the location of a
historic TCE spill, estimated to be as large as 500,000 gallons,
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Figure 1. Velocity distributions between
survey wells at the Paducah Gaseous
Diffusion Plant before the onset of reme-
diation. The tomogram on the left is at
the site of the TCE spill. The right hand
image is from wells outside the Plant
boundary where there is no dense non-
aqueous-phase liquid (DNAPL) TCE.
The same lithological contrasts occur at
each site, and the offsets between the lay-
ers are consistent. Changes in these distri-
butions in postremediation surveys will
indicate whether the lower velocities at
the TCE spill site are caused by DNAPL.

before beginning a demonstration of six-phase heating remedia-
tion. Crosswell data in a NAPL-free area showed generally con-
sistent lithology, with measurable differences,

B L compared to the contaminated site.
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" _ag'.hf_:ﬂ.m The contrast in the acoustic velocities of

many NAPL contaminants (such as TCE and
toluene) in water significantly affect P-wave
attributes in natural-aquifer core samples
tested in the lab. Possible locations of NAPL
areas were identified from comparing P-
wave attributes in a nearby uncontaminated
zone, but these are uncertain because of the
unknown contribution of well-completion
and lithology variations. Postremediation
surveys will be essential to determine the vis-
ibility of NAPL contrasts with water and
their signature at the field scale, as well as the
efficacy of crosswell seismic imaging for
monitoring the remediation of NAPL-con-
taminated sites.
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RELATED PUBLICATIONS

Geller, ].T,, ].B. Ajo-Franklin, and E.L. Majer,
Effect of immiscible liquid contaminants on
P-wave transmission through natural
aquifer samples. In Proceedings of the 2003
Symposium on the Application of
Geophysics to Engineering and
Environmental Problems (SAGEEP),
Environmental and Engineering Geo-
physical Society (EEGS), San Antonio,
Texas, pp. 1059-1077, April 6-10, 2003;
Berkeley Lab Report LBNL-52131.

Ajo-Franklin, J.B., J.T. Geller, EL. Majer, J.E. Peterson, K.H.

Williams, and ].M. Harris, Preliminary characterization of a
NAPL-contaminated site using borehole geophysical tech-
niques. In 2003 SAGEEP Proceedings. EEGS, San Antonio,
Texas, pp. 202-220, April 6-10, 2003.
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BIOLOGICAL TREATMENT OF IRRIGATION DRAINAGE FOR SELENIUM REMOVAL
Franklin Bailey Green, Sharon E. Borglin, Clement Hsieh, Rick Y.C. Huang, Tryg J. Lundquist,
Nigel W.T. Quinn, Archana Sudame, Mathew G. Takata, and William J. Oswald
Contact: F. Bailey Green, 510/495-2612 ; fb gree@lbl.gov

RESEARCH OBJECTIVES

Much of the subsurface agricultural drainage in the west-
ern San Joaquin Valley (SJV) is contaminated with selenate
(50-1200 mg/L as Se) and nitrate (20-120 mg/L as N), in addi-
tion to high total dissolved solids and boron. This water is cur-
rently either discharged to sloughs that drain into the San
Joaquin River and then to the San Joaquin Delta, or it is evap-
orated in terminal ponds. These means of disposal are prob-
lematic, since Se is a teratogen that bioaccumulates in the
aquatic food web, and nitrate contaminates groundwater sup-
plies and promotes eutrophication of surface waters. Nitrate
also interferes with the reduction and removal of selenate
SeO4—2, the most abundant form of Se found in western SJV
drainage. Our objective is to develop reliable and economical
treatment methods to remove these contaminants.

APPROACH—PILOT FACILITY

We have developed the algal-bacterial selenium removal
(ABSR) Process to remove nitrate and selenium from drainage.
A 75 m3/day pilot-scale ABSR Facility has been used to study
the mechanisms and rates of selenium and nitrate removal
(Figure 1). Subsurface drainage is dosed with a carbon and
energy source for bacteria (usually animal feed-grade
molasses) and then injected into a baffled and covered anoxic
reduction pond. In the reduction pond, bacteria denitrify and
reduce selenate to selenite, elemental Se, and bacterial-associ-
ated organic Se. Much of the reduced Se settles in the pond.
Settled bacterial biomass in the reduction pond undergoes
anaerobic decomposition, so that the volume of solid residues
increases very slowly. Removal of the selenium-containing
solids should not be required for many years, possibly not
even decades.

ACCOMPLISHMENTS

Selenium Removal

Over two years, the ABSR Facility at Panoche, California,
removed 95% of the influent nitrogen load and 80% of the
influent soluble selenium load. The addition of physical-chem-
ical flotation and filtration processes to remove particulate Se
has increased total Se removal to 87%. Dozens of bacterial
species have been isolated from the ABSR Facility and identi-
fied by 16S rRNA sequencing, including the prevalent
Acinetobacter Johnson 11/ genospecies 7, Pseudomonas mendocina,
and Xanthomonas maltophilia. Pure cultures of several of these
bacteria have been proven to reduce selenite in the laboratory.
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Brine Treatment

Planned “zero discharge” drainage management in the SJV
will create brines that require treatment. The high salt concen-
tration of brines may inhibit bacterial Se reduction. We have
found that denitrification and selenate reduction are unaffect-
ed by NaCl concentrations augmented up to 22 g/L. Higher
concentrations and other potential inhibitors such as sulfate
will be studied during 2003-2004.

SIGNIFICANCE OF FINDINGS

With the ABSR facility at the Panoche Drainage District, we
have demonstrated a promising, cost-effective process that
will be used in planning full-scale facilities to remove nitrate
and selenium from irrigation drainage.

RELATED PUBLICATION

Green, EB., TJ. Lundquist, N.W.T. Quinn, M.A. Zarate, L.X.
Zubieta, and W.J. Oswald, Selenium and nitrate removal
from agricultural drainage using the AIWPS® Technology.
Fifth International Water Association Specialist Conference
on Waste Stabilization Ponds, Pond Technology for the
New Millennium, Auckland, New Zealand, April 2-5,
2002; Water Science and Technology, 2003 (in press).
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Figure 1. One of two pilot ABSR Systems at the Panoche Drainage
District, San Joaquin Valley, California.
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A CCELERATED BIODEGRADATION OF ORGANIC CONTAMINANTS BY HUMIC AcCID
Hoi-Ying Holman, K. Nieman!, D.L. Sorenson!, C.D. Miller!, and R.C. Sims’
Utah State University, Logan, Utah
Contact: Hoi-Ying Holman, 510/486-5943, hyholman@lbl.gov

RESEARCH OBJECTIVES

The role of humic acid (HA) in the biodegradation of toxic
polycyclic aromatic hydrocarbons (PAHs) has been the subject
of controversy in the design of bioremediation strategy for pol-
luted sites, particularly in unsaturated environments. To solve
this controversy, we utilized our novel synchrotron infrared
(SIR) spectromicroscopy technique to monitor, in situ and over
time, the influence of HA on the degradation of pyrene (a
model PAH) by a bacterial colony on a magnetite surface.

APPROACH AND ACCOMPLISHMENTS

The pyrene-degrading bacterium used for this study is
Mycobacterium sp. JLS, a gram-positive, rod-shaped bacterium
recently isolated from PAH-contaminated soil at the Libby
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Figurel. Summary of IR results showing that pyrene degrada-
tion occurs much faster when HA is present (note the log scale
on the time axis). The color scheme is black for abiotic, green
for biotic without HA, and red for biotic with HA. The solid
lines show the pyrene amount (left axis) as a function of time
for each experiment. The dotted lines show a subsequent
increase in Mycobacterium sp. JLS biomass (right axis) after
pyrene degradation.
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Groundwater Superfund Site in Libby, Montana. We took
time-course “snap shots” of actions of M. sp. JLS at the same
location on each pyrene-coated sample over more than a
month. For comparison, we conducted similar experiments in
the absence of either Elliott Soil Humic Acid (ESHA) or bacte-
ria (i.e., abiotic experiments). We summarize in Figure 1 the
time-course of pyrene degradation under different experimen-
tal conditions over more than a month. We found that, with
only slow removal mechanisms, pyrene remains on the miner-
al surface. For samples occupied by M. sp. JLS, ESHA dramat-
ically shortens the onset time for pyrene biodegradation from
168 to 2 hours. Further analysis of spectral fingerprints
showed that in the absence of ESHA, it takes the bacteria about
168 hours to produce sufficient glycolipids to solubilize pyrene
and make it available for biodegradation. It is likely that the
increased bioavailability of pyrene by HA accelerates bacteria-
induced degradation.

SIGNIFICANCE OF FINDINGS

This is the first study that provides direct evidence that HA
can accelerate PAH biodegradation through the mechanism of
enhanced bioavailability, which will have significant implica-
tions for bioremediation of contaminated soils. We can obtain
this type of important biogeochemical information because of
our novel and powerful SIR spectromicroscopy technique.
This technique enabled research to assess, in real time, the
interactions between multiple constituents in contaminated
soils.

RELATED PUBLICATION

Holman, H.-Y. N., K. Nieman, D.L. Sorensen, C.D. Miller, M.C.
Martin, T. Borch, W.R. McKinney, and R.C. Sims, Catalysis
of PAH biodegradation by humic acid shown in synchro-

tron infrared studies. Environmental Science & Technology,
36(6), 1276-1280, 2002.
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APPLICATION OF THERMALLY ENHANCED VAPOR EXTRACTION AT BERKELEY LAB
Iraj Javandel and Barry Freifeld
Contact: Iraj Javandel, 510/486-6106, ijavandel@lbl.gov

OBJECTIVE

A plume of contaminated groundwater was found near the
site of the first Berkeley Lab cyclotron. Detailed investigations
have identified the source area and determined the vertical
and lateral extent of the contamination in the subsurface. The
contaminants are chlorinated hydrocarbons consisting mainly
of perchloroethene, trichloroethene, and carbon tetrachloride.
The source area is located within heterogeneous geological
materials consisting of both volcanic and sedimentary rocks.
The hydraulic conductivity of these materials varies between
105 and 10 m/s. Various technologies are being tested to
study their applicability for cleaning the source area. The
objective of this study was to examine the effectiveness of ther-
mally enhanced vapor extraction in removing contaminants
from the source area.

APPROACH

In a pilot-scale test, we used a combination of soil heating
and vapor extraction techniques to remove the chlorinated
hydrocarbons from very-low-permeability geological materi-
als of the source area. Three heaters, each of approximately 5.3
kilowatts capacity, were placed in three wells at 20 to 40 ft
depth. Heater wells were drilled 6 ft apart, at the apexes of an
equilateral triangle. Resistive heating raised soil temperature
to a maximum of 200°C. Both liquid and vapor were extracted
from a well at the center of the triangle. Two instrumented
wells were installed within 5 ft of one of the heaters. Temper-
atures were measured along the heater well casings, the extrac-
tion well, and at various depths in the instrumented wells. In
addition, soil gas probes and vacuum lysimeters were
installed at various depths in the instrument wells. Soil vapor
and soil water from all sampling points were collected and
tested periodically, while flow rate and chemical composition
of soil gas samples collected at the top of the extraction well
were measured. The test continued for about 18 months.

ACCOMPLISHMENTS

More than 500 kg of perchloroethene, trichloroethene, and
carbon tetrachloride were removed from the source area. This
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estimate is based on the measured flow rates and concentra-
tions of contaminants in the extracted air. Note that the total
mass of dissolved chlorinated hydrocarbons in the groundwa-
ter plume before this experiment was estimated to be about 7
kilograms.

SIGNIFICANCE OF FINDINGS

¢ Thermally enhanced vapor extraction proves to be an
excellent technique for removing dispersed nonaqueous-
phase liquids from very-low-permeability heteroge-
neous geological materials.

o If the test were not properly designed, some of the chem-
icals volatilized may diffuse and condense into areas that
were previously clean.

ACKNOWLEDGMENTS

This work is part of Berkeley Lab’s Environmental
Restoration Program, supported by the DOE Office of
Environmental Management, under U.S. Department of
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H1GH-FREQUENCY ELECTROMAGNETIC IMPEDANCE MEASUREMENTS FOR
CHARACTERIZATION, MONITORING, AND VERIFICATION EFFORTS
Ki Ha Lee, Alex Becker, and Hung-Wen Tseng
Contact: Ki Ha Lee, 510/486-7468, khlee@lbl.gov

RESEARCH OBJECTIVES

Noninvasive, high-resolution imaging of the shallow
subsurface is needed for delineation of buried waste, detec-
tion of unexploded ordinance, verification and monitoring
of containment structures, and other environmental applica-
tions. Electromagnetic (EM) measurements at frequencies
between 1 and 100 MHz are important for such applications,
because the induction number of many targets is small and
the ability to determine the dielectric constant (in addition to
the electrical conductivity) of the subsurface is possible.
Earlier investigators were successful in developing systems
for detecting anomalous areas, but no quantifiable informa-
tion was accurately determined. For high-resolution imag-
ing, accurate measurements are necessary, so that field data
can be mapped into the space of the subsurface parameters.
The objective of this project is to develop a noninvasive
method for accurately mapping the electrical conductivity
and dielectric constant of the shallow subsurface, using the
EM impedance.

APPROACH

EM impedance, the ratio of electric to magnetic field,
can be used to map subsurface electrical properties without
the exact knowledge of the transmitter signal. A prototype
30 MHz high-frequency impedance (HFI) system was orig-
inally assembled using off-the-shelf components, including
a magnetic dipole transmitter as well as electric and mag-
netic antennae. The system was tested in known areas
against theoretical predictions (Lee and Becker, 2001),
thereby verifying the utility of the EM impedance for shal-
low subsurface application. The test was focused on map-
ping only the electrical conductivity because the frequency
was limited to 30 MHz. To improve data quality and to
include the capability of mapping dielectric constants, we
began modifying the HFI system by miniaturizing the
transmitter and receiver electronics and implementing
fiber optics communication.

98

ACCOMPLISHMENTS

Success in achieving the overall objective of the HFI system
depends on the accuracy of field measurements, especially in the
electric field. All electronic components have been miniaturized
and repackaged, and communication is now done via optical
fibers. The other important improvement for the acquisition sys-
tem has been the replacement of the lock-in amplifier with the
HP network analyzer. This allows much wider operating band-
width for the HFI system, well beyond 100 MHz with greatly
improved efficiency (Lee et al., 2002). Along with the hardware,
we developed a one-dimensional inversion scheme, INVEM1D,
in which the electrical conductivity and dielectric constant of an
N-layered earth are simultaneously inverted. The key develop-
ment has been the successful implementation of the analytically
evaluated sensitivity function to the inversion code.

SIGNIFICANCE OF FINDINGS

The improved HFI system can be used to map shallow sub-
surface electrical conductivity and the dielectric constant
simultaneously.

RELATED PUBLICATIONS

Lee, K.H., and A. Becker, High-frequency electromagnetic
impedance measurements for characterization, monitoring
and verification efforts. Interim Report, Project #60328,
U.S. DOE, 2001.

Lee, K.H., A. Becker, and H.-W. Tseng, High-frequency electro-
magnetic impedance measurements for characterization,
monitoring and verification efforts. Annual Report, Project
#73776, U.S. DOE, 2002.
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THE ROLE OF BIOGEOCHEMICAL DYNAMICS IN THE
ForMATION OF U(VI) SOLID PHASES

Tracy E. Letain, Terry C. Hazen, and Heino Nitsche
Contact: Tracy E. Letain, 510/486-6612, teletain@lbl.gov

RESEARCH OBJECTIVES

To assist the U.S. Department of Energy with long-term
stewardship issues associated with bioremediation of uranium
(U), we seek to define the mechanisms by which microorgan-
isms facilitate the formation of U(VI) solid phases. Under
anaerobic conditions, microbial reduction of U(VI) to U(IV)
can potentially decrease groundwater U contamination by
lowering solubility and by slowing migration through the soil.
However, such biological alteration must be considered tem-
porary unless long-term anaerobicity can be maintained.
When aerobic conditions return, U(IV) will likely re-oxidize to
U(VI), which is generally more soluble and potentially more
mobile. The transformation to U(VI)-phosphate solids is of
particular interest, since the U(VI) phosphates are the least sol-
uble of the U(VI) solids found in nature.

APPROACH

Bacteria present in soils may play a role in the formation of
U(VID)-phosphate solid phases, both because they serve as an
available phosphate source and because the cell surface may
act as a nucleation site for the reprecipitation of U. We are
investigating the ability of some model microorganisms, such
as the Gram-positive bacterium, Bacillus sphaericus, to complex
with U(VI). Ability of B. sphaericus to sorb U(VI) has been test-
ed for a wide pH range (pH 3-pH 7), with special attention to
the sorption behavior at low concentrations of U, such as
would be commonly found in contaminated waste sites. The
cell surface group responsible for U(VI) complexation is iden-
tified by both laser-induced fluorescence spectroscopy (LiFS)
and x-ray absorption spectroscopy (XAS).

ACCOMPLISHMENTS

We find B. sphaericus can remove even trace amounts of
U(VI) from solution (to below the detection limit of 10-8
moles/L U(VI). Isotherm modeling of U(VI) sorbed onto B.
sphaericus at pH 5 suggests the presence of greater than one
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bacterial cell surface site available for U complexation. Both
LiFS and XAS yield data that are consistent with the cell sur-
face organic phosphate functional group, called teichoic acid,
being the dominant site for U(VI) complexation. U(VI) sorp-
tion by B. sphaericus is somewhat pH-dependent, with U(VI)
sorption capacity increasing initially with increasing pH (from
pH 3 to pH 5), and similar sorption capacity seen for pH 5-7.

SIGNIFICANCE OF FINDINGS

Up to this time, no other group has been able to determine
U(VI) sorption onto bacteria at the very low and environmen-
tally relevant concentrations of both U(VI) and bacteria used in
this study (over 100-fold lower than previous studies). We are
the only group testing U(VI) sorption at pH values greater
than 5, partly due to the low solublity of U(VI) at higher pH
values. Additionally, using a combination of LiFS and XAS to
determine the cell surface functional group has led to the
strongest evidence to date of organic phosphate serving as the
dominant group responsible for U(VI) complexation.

RELATED PUBLICATIONS

Letain, T.E., J.A. Warner, D.K. Shuh, and H. Nitsche, EXAFS
study of pH-dependent uranyl adsorption to bacteria. In
preparation for Geochimica et Cosmochimica Acta, 2003.

Letain, T.E., T.C. Hazen, and H. Nitsche, Bacillus sphaericus
surface interactions with uranium (VI) at environmental-
ly relevant concentrations. Appl. Environ. Micmwobiol.,
2003 (submitted).
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USE OF SR IsOTOPES TO DETERMINE LONG-TERM AVERAGE VADOSE ZONE
INFILTRATION FLuxX AT HANFORD 200W AREA
Katharine Maher, Donald J. DePaolo, and Mark S. Conrad
Contact: Katharine Maher, 510/642-9524, kmaher@eps.berkeley.edu

RESEARCH OBJECTIVES

Infiltration rates are an important variable in assessing
contaminant transport at the Hanford Site, where the majority
of the contaminants are contained in the upper 30 m of a thick
(~70 m) vadose zone. The transit time to the aquifer for a given
contaminant largely determines the remediation action, espe-
cially for mobile radioactive contaminants. Efforts to quantify
infiltration rates at the Hanford Site have been hindered by the
complexity of the hydrogeologic setting, the thick vadose
zone, and recent anthropogenic disturbances. Independent
estimates of infiltration rates range from 0.01 mm/yr to 200
mm/yr, depending on the method and surface cover.

Using variations in the natural strontium (Sr) isotopic com-
positions of vadose zone pore waters and sediments, the infil-
tration flux can be quantified using a simple one-dimensional
reactive transport model. The strontium isotope ratio
(87Sr /86Sr) of pore water is a very sensitive indicator of inter-
action with the rock matrix. Because of the relatively low con-
centration of Sr in the pore water relative to the sediments,
even minor exchange between the solid and fluid phases will
quickly shift the pore-water Sr isotope ratio towards that of the
rock. The pore water 875r/86Sr value is thus controlled by a
balance between the infiltration flux and weathering of the
sediments.

APPROACH

Strontium isotope ratios were measured in the pore water,
acid extracts, mineral separates, and sediments of a 70 m
vadose zone core in the 200W Area of the Hanford /DOE com-
plex in eastern Washington State. Using an estimate of the bulk
weathering rate for the sediments, the steady-state reactive
transport model for Sr in the vadose zone was inverted to
solve for the infiltration rate (see Maher et al., 2003). This
method is currently being applied to other locations around
the Hanford Site.

ACCOMPLISHMENTS

Given a range of weathering rates based on sediment min-
eralogy, the infiltration flux for the 200W Area is constrained at
between 7 + 3 mm/yr (Figure 1). Non-steady-state models
spanning the last 15 kyr reveal that the profile is very close to
steady state; therefore, these infiltration flux values are appli-
cable over at least this time span. The transit time for meteoric
water to percolate from surface to the water table is in the
range of ~1,200 years.

SIGNIFICANCE OF FINDINGS

The method of inferring infiltration rates using Sr isotopes
provides a novel method for quantifying fluid flow in the
vadose zone. This method is advantageous in that it does not
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require disturbance of the site prior to measurement (e.g.,
lysimeters), it does not rely ab initio on assumptions regarding
atmospheric and geochemical parameters (e.g., Cl mass bal-
ance), it can be applied to deep heterogeneous vadose zones,
and it provides a long-term (~1-10 kyr) average of the infiltra-
tion flux.
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Figure 1. Steady-state model best-fit trajectory and weathering
rate profile: (a) the 87Sr/80Sr values for the pore waters decrease
systematically with depth, from a high value of 0.721 near the
surface towards the bulk sediment average value of 0.711; (b)
weathering rates required to fit the data for various infiltration
rates, and the range of estimated rates based on soils data from
White et al. (1996). The models suggest that the infiltration flux
for the site is 5 to 10 mm/yr. The method shows potential for
providing long-term in situ estimates of infiltration rates for
deep heterogeneous vadose zones.

RELATED PUBLICATIONS

Maher, K., D.]. DePaolo, and M.E. Conrad, Vadose zone infil-
tration rate at Hanford, Washington, inferred from Sr iso-
tope measurements. Water Resources Research 39 (8), 1204,
2003.

DePaolo, D.J.,, M.E. Conrad, and K. Maher, Oxygen and hydro-
gen isotopes in pore fluids from a 70 m thick vadose zone.
Vadose Zone Journal, 2003 (submitted).
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SIMULATING LANDFILL BIODEGRADATION PROCESSES WITH T2LBM
Curtis M. Oldenburg, Sharon E. Borglin, and Terry C. Hazen
Contact: Curtis M. Oldenburg, 510/486-7419, cmoldenburg@lbl.gov

RESEARCH OBJECTIVES

We have developed T2LBM, a module for the TOUGH2
simulator that implements a Landfill Bioreactor Model. This
model can simulate processes of aerobic or anaerobic
biodegradation of municipal solid waste (MSW) and the asso-
ciated flow and transport of gas and liquid. We present an
example study to verify the code against a laboratory experi-
ment carried out in a parallel effort. The overall objective of
our MSW landfill research is to investigate the advantages and
disadvantages of different landfill treatment approaches.

APPROACH

We have enhanced an existing numerical reservoir simula-
tor to include additional chemical components and biodegra-
dation processes relevant to MSW. Our approach assumes that
a single substrate component (acetic acid, CH3COOH) serves
as a proxy for all of the biodegradable fractions in MSW.
T2LBM includes six chemical components (H,O, CH3COOH,
CO,, CHy, Oy, Ny) and heat distributed in gaseous and aque-
ous phases with partitioning by Henry’s law. This approach
further assumes, implicitly, that hydrolysis reactions occur to
produce acetic acid. Gas and liquid containing the chemical
components flow through the MSW refuse mass as governed
by Darcy’s law. The focus of the process model is on biodegra-
dation with nonisothermal effects and the associated gas pro-
duction, along with liquid- and gas-phase flow through the
refuse mass.

ACCOMPLISHMENTS

We have carried out tests of T2LBM and compared results
against published studies of biodegradation. In addition, we
have compared T2LBM results to the laboratory experiment of
MSW biodegradation carried out in parallel with model devel-
opment. Shown in Figure 1 are the volume fractions of oxygen
(Oy) from the experiment and from a T2LBM simulation over
a 40-day period. The event being examined is a respiration test
in a system where air is blown into the MSW for 28 days to
keep it aerobic, and then (for a short period) the air is turned
off and the system is shut in. Over the period of shut in, we can
observe the rate of O, consumption, i.e., respiration. During
the shut-in period, the O, was rapidly consumed, and the sys-
tem became anaerobic. At t = 31 days, the fan was turned back
on, air addition continued, and the system became aerobic

- A
FiEae t:{
| Swn iy bam]

Vil il B

again. As shown in Figure 1, T2LBM was able to match the
observed O, volume fraction data fairly well, using kinetic
biodegradation parameters from the literature. We also plot
the T2LBM CO, curve to show its relation to the transition
from aerobic to anaerobic conditions.

SIGNIFICANCE OF FINDINGS

Our preliminary testing of T2LBM suggests that the simu-
lator is capable of modeling fundamental aspects of MSW
biodegradation processes. Further development and testing
are needed to elucidate the capabilities and limitations of the
model for simulating laboratory experiments and actual MSW
landfills.

RELATED PUBLICATION

Oldenburg C.M., T2LBM: Landfill Bioreactor Model for
TOUGH?2, Version 1.0. Berkeley Lab Report LBNL-47961,
2001.
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Figure 1. Volume fractions of O, from the laboratory experiment
and from T2LBM plotted along with volume fraction of CO,
from T2LBM
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TMVOC, A SIMULATOR FOR MULTIPLE VOLATILE ORGANIC CHEMICALS

Karsten Pruess and Alfredo Battistellil
IAquater S.p.A., Ttaly
Contact: Karsten Pruess, 510/486-6732, k_pruess@lbl.gov

RESEARCH OBJECTIVES

Many environmental contamination problems involve
volatile organic chemicals (VOCs), such as crude oil, gasoline,
diesel, and/ or organic solvents. When spilled into the unsatu-
rated zone, these chemicals may form a separate nonaqueous
phase, giving rise to three-phase flow of water, soil gas, and a
nonaqueous phase liquid (NAPL). Such flows can be modeled
with T2VOC, but that code is limited to conditions in which
the VOC is a pure, single-component fluid. However, in many
cases of interest, nonaqueous fluids released into the subsur-
face may consist of a multicomponent mixture of several dif-
ferent chemicals. TMVOC is designed for three-phase flows in
which the NAPL consists of a general multicomponent mix-
ture of organic fluids. In addition, one or several noncondens-
able gases (NCGs) may be present.

APPROACH

TMVOC is based on the M2NOTS code that was developed
by Adenekan (1992) as part of his Ph.D. project at the
University of California, Berkeley. It is implemented as a spe-
cialized module for Berkeley Lab's general multipurpose sim-
ulator TOUGH2 and retains its general process-modeling
capabilities and user features.

ACCOMPLISHMENTS

In the TMVOC formulation, the multiphase system is
assumed to be composed of water, NCGs, and water-soluble
VOCs. The number and nature of NCGs and VOCs can be spec-
ified by the user. Organic chemicals with critical temperatures
below ambient, such as methane or ethane, can be modeled as
NCGs. There are no intrinsic limitations to the number of NCGs
or VOCs. Thermophysical property data for individual VOCs
must be provided by the user. TMVOC uses a very general for-
mulation to obtain thermophysical and PVT (pressure-volume-
temperature) properties for mixtures of VOCs and NCGs. The
fluid components may partition (volatilize and/or dissolve)
among gas, aqueous, and NAPL phases. Any combination of the
three phases may be present, and phases may appear and disap-
pear in the course of a simulation.

Flows can be nonisothermal, and may involve advective, dif-
fusive, phase-partitioning, and sorptive processes. A simple
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model for biodegradation is provided as well. Chief applications
for which TMVOC is designed include analysis of NAPL spills
and remediation alternatives in the vadose zone and below the
water table.

A detailed self-contained user's guide is available that pro-
vides a technical reference to the TMVOC formulation and
includes seven sample problems to illustrate code applications:

1. Demonstrating initialization of different phase conditions

2. One-dimensional Buckley-Leverett flow

3. Diffusion

4. Steam displacement of TCE

5. Steam displacement of a benzene-toluene mixture

6. Air displacement of NAPL

7. NAPL spill in the unsaturated zone

TMVOC is upwardly compatible with T2VOC; that is,
T2VOC input files can be executed with TMVOC.

SIGNIFICANCE OF FINDINGS

The TMVOC code is available through DOE's Energy
Science and Technology Software Center (see http:/ /www-
esd.lbl.gov/ TOUGH2/tmvoc.html).

RELATED PUBLICATIONS

Adenekan, A.E., Numerical modeling of multiphase transport of
multicomponent organic contaminants and heat in the sub-
surface. PhD thesis, University of California at Berkeley,
1992.

Pruess, K. and A. Battistelli. TMVOC, a numerical simulator for
three-phase non-isothermal flows of multicomponent hydro-
carbon mixtures in saturated-unsaturated heterogeneous
media. Berkeley Lab Report LBNL-49375, 2002.
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REAL-TIME MANAGEMENT OF DISSOLVED OXYGEN IN THE
SAN JOAQUIN Ri1vER DEEP-WATER SHIP CHANNEL

Nigel W.T. Quinn, William T. Stringfellow, and Jeremy Hanlon
Contact: Nigel W.T. Quinn, 510/486-7056, nwquinn@Ibl.gov

RESEARCH OBJECTIVES

A decision support system (DSS) is under development
within ESD as part of a CALFED-sponsored project to assist in
management of episodes of low-dissolved-oxygen concentra-
tions in the San Joaquin River (SJR) Deep-Water Ship Channel
(DWSCQ). Biodegrading algae and organic sediments that settle
in the DWSC remove oxygen from the water column. When dis-
solved oxygen concentrations dip below 5 mg/L, conditions
adverse to the survival of juvenile salmon arise. ESD’s science
role in this project to date has been to develop an understanding
of the relative algal contributions made by agriculture and man-
aged seasonal wetlands, the fate of this algae in transit along the
SJR, and its impact on dissolved oxygen in the DWSC.
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Figure 1. Conceptual model of factors contributing to low dis-
solved levels in the Stockton Deep-Water Ship Channel

APPROACH

Flow and water quality were measured at three paired sta-
tions to obtain representative total biochemical oxygen
demand (BOD), carbonaceous biochemical oxygen demand
(CBOD), and nitrogenous biochemical oxygen demand
(NBOD) estimates for agricultural sources, privately owned
wetlands, and public refuges. Total organic carbon (TOC), dis-
solved organic carbon (DOC), total suspended solids (TSS)
and volatile suspended solids (VSS) were measured at each of
the paired sites to further discriminate between the origin of
the carbon that exerted the carbonaceous BOD. Ammonia,
total phosphorous, and ortho-phosphate
were also measured to determine the impor-
tance of these nutrients in potentially limit-
ing the biodegradation rates of carbonaceous
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material. Chlorophyll a concentrations provided an estimate of
algae concentrations at each of the sites. Algae loads were
compared for each upstream and downstream paired site to
determine algal growth rates within each of these major
drainage conveyances to the SJR. These findings were used to
complete a conceptual model of upper-watershed algal load-
ing to the DWSC.

ACCOMPLISHMENTS

The major west-side drainage conveyances, Mud Slough
and Salt Slough, were shown to contribute approximately 35%
of the BOD entering the SJR. This suggests that algal growth in
the SJR and east-side drainage contributions are more impor-
tant than previously suspected in their contribution to DWSC
dissolved-oxygen deficits. In the Mud Slough sub-basin, we
were able to differentiate drainage coming from managed wet-
lands and agricultural land. Our research also confirmed the
importance of irrigation diversions in affecting algal loading to
the DWSC. Sharp reductions in agricultural diversions at both
water districts increased algal loading to the DWSC during the
months of September and October, and coincided with
reduced dissolved-oxygen levels starting in mid-October, sug-
gesting a possible causal mechanism.

SIGNIFICANCE OF FINDINGS

This study has identified a possible opportunity to reduce
the amount of oxygen-demanding materials entering the SJR
from this watershed. The conceptual model developed and
tested in this investigation will assist in calibration of a hydro-
dynamic water quality model of the SJR and its contributing
watersheds. This model will form the basis of a DSS to forecast
and help manage dissolved-oxygen levels in the DWSC.

RELATED PUBLICATIONS

Quinn, N-W.T and A.T. Tulloch, San Joaquin River diversion
data assimilation, drainage estimation and installation of
diversion monitoring stations. Final Report. CALFED Bay-
Delta Program, Sacramento, California, pp. 211, 2002.

Stringfellow, W.T., and N.W.T. Quinn. 2002. Discriminating
between west-side sources of nutrients and organic carbon
contributing to algal growth and oxygen demand in the
San Joaquin River. CALFED Bay-Delta Program, Sacra-
mento, California, 2002; Berkeley Lab Report No. LBNL-
51166, 2002.
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B10LOGICAL TREATMENT OF MIXED WASTES: A SAFER ALTERNATIVE TO INCINERATION
William T. Stringfellow, Tatsuyuki Komada, and Li-Yang Chang
Contact: Will Stringfellow, 510/486-7903, wstringfellow@lbl.gov

RESEARCH OBJECTIVES

The objective of this research was to develop a biological
treatment process that could serve as an alternative to inciner-
ation for the treatment of mixed wastes. Mixed wastes are
wastes that contain both radioactive materials and hazardous
chemicals. Radioactive wastes are regulated under the Atomic
Energy Act and are most safely disposed of in a secure landfill
where the radioactivity is excluded from the biosphere.
Hazardus wastes are regulated under the Resource
Conservation and Recovery Act (RCRA) and are prohibited
from disposal in landfills. Hazardous waste regulations take
priority, and mixed wastes are typically incinerated. During
incineration, radioactivity is released directly to the biosphere.

The advantage of biological treatment is that radioactivity
can be contained during treatment of the hazardous waste
component. Once the hazardous waste component is treated
biologically, the waste is no longer regulated under RCRA, and
the radioactivity can be kept from the biosphere.

APPROACH

To meet the objective of a completely contained treatment
process, we developed a “Drip-Feed Bioreactor” (Figure 1).
Unlike conventional biological treatment systems, in the drip-
feed system the waste stream flows into the reactor, but no
waste flows out. In the reactor, the waste is contacted with spe-
cially prepared bacterial cultures that completely destroy the
hazardous waste to carbon dioxide and water. The radioactive
waste is not treated by the bacteria, but is contained in the
reactor for recovery and safe disposal.

ACCOMPLISHMENTS

The Drip-Feed Bioreactor was tested for the treatment of a
mixed waste containing acetonitrile (the hazardous waste) and
trittum (the radioactive waste). This type of waste is generated
during biomedical researh at universities and hospitals
throughout the nation. Under the RCRA regulations, the ace-
tonitrile must be reduced to below 1.0 mg/L before the waste
is no longer considered hazardous. A surrogate (nonradioac-
tive) waste was tested that contained acetonitrile at a concen-
tration of approximately 10% by volume. Results of this trial
are as follows: influent acetonitrile concentration, 88,000
mg/L; final acetonitrile concentration, less than 0.1 mg/L.

SIGNIFICANCE OF FINDINGS

This study demonstrated that the Drip-Feed Bioreactor
could be used to treat mixed wastes containing acetonitrile to
concentrations below 1.0 mg/L, the land disposal restriction
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for this compound. This study showed that mixed wastes can
be treated without releasing radioactivity and that incineration
should not be considered the only alternative for treatment of
mixed wastes.

This study represents the first time that a highly concen-
trated hazardous waste has successfully been treated biologi-
cally without excessive dilution. The robust nature of the Drip-
Feed Bioreactor suggests that this reactor could be used to treat
other concentrated hazardous or toxic wastes, including scin-
tillation cocktail and chemical agents.

RELATED PUBLICATION

Chang, L.-Y., A. Proctor, and W.T. Stringfellow, Kinetic param-
eters for the biological treatment of mixed wastes contain-
ing acetonitrile and methanol. Berkeley Lab Formal Report
LBID-2433, 2002.
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ESTIMATES OF HYDRAULIC CONDUCTIVITIES ALONG THE RUSSIAN RIVER USING
GROUNDWATER TEMPERATURE PROFILES
Grace W. Su, James Jasperse!, Donald Seymour’, and Jim Constantz?
ISonoma County Water Agency, Santa Rosa, CA, 95406
2US. Geological Survey, Menlo Park, CA, 94025
Contact: Grace Su, 510/495-2338, gwsu@lbl.gov

RESEARCH OBJECTIVES

Quantifying surface-groundwater exchanges has become
an important component of water resources management,
resulting from the increase in the conjunctive use of water
resources. Reducing uncertainty in models used to select opti-
mal operation management alternatives requires proper iden-
tification of the spatial and temporal variations in physical
parameters, such as the hydraulic conductivity.

Recently, heat as a tracer has been demonstrated to be a
robust method for quantifying surface-groundwater
exchanges. Groundwater temperatures and water levels are
routinely monitored in observation wells near streams, but
temperature data are generally considered a water-quality
parameter and are not used as an environmental tracer to char-
acterize hydraulic parameters. The objective of this study is to
quantify the spatial and temporal variations of the alluvial
aquifer hydraulic conductivites along the middle reaches of
the Russian River in Sonoma County, California, by analyzing
groundwater temperature profiles and water levels measured
in six observation wells.

APPROACH

Stream temperatures, groundwater temperatures, and
well water levels recorded from June 2000 through October
2000 were used to develop two-dimensional groundwater
flow and heat transport simulations of the region from the

Figure 1. Groundwater temperatures recorded between June
and October 2000 in an observation well close to a dam and the
best fit simulated temperature profiles at different anisotropies
(Kh/Kv). After mid-August, a smaller conductivity is necessary
to obtain a good fit.
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river to each observation well. Different values for the
hydraulic conductivity were used in the simulations, and the
value resulting in the smallest diff e rence between the simulat-
ed and observed temperatures was considered the best esti-
mate. Simulations were performed under isotropic conditions
and with anisotropy (horizontal-to-vertical hydraulic conduc-
tivity) values of 2 and 5.

ACCOMPLISHMENTS

Estimated hydraulic conductivities varied by almost two
orders of magnitude over the six locations analyzed, from 1.7
x 105 m/s to 2.3 x 103 m/s. The simulated temperature pro-
files generally fit the observed ones best when an anisotropy of
5 was used. In some locations, a change in the observed tem-
perature profile occurred through the summer and fall, most
likely caused by deposition of fine-grained sediment and
organic matter plugging the streambed. A reasonable fit to this
change in the temperature profile was obtained by decreasing
the hydraulic conductivity in the simulations. The most signif-
icant decrease in conductivity occurred in the region closest to
an inflatable dam, where the conductivity decreased by about
one-half after mid-August, as shown in Figure 1.

SIGNIFICANCE OF FINDINGS

The results of this study demonstrate that groundwater
temperatures and water levels monitored in observation wells
can provide an effective means of estimating alluvial aquifer
hydraulic conductivities. The temporal and spatial estimates
in hydraulic conductivities will be incorporated into a three-
dimensional groundwater model of this study area currently
under development.

RELATED PUBLICATION

Su, G.,W,, ] Jasperse, D. Seymour, and J. Constantz, Analysis
of water levels and temperatures in wells to estimate allu-
vial aquifer hydraulic conductivities. Ground Water, 2003
(submitted).
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UNSATURATED HYDRAULIC PROPERTIES OF GRAVELS
Tetsu K. Tokunaga, Keith R. Olson, and Jiamin Wan
Contact: Tetsu Tokunaga, 510/486-7176, tktokunaga@lbl.gov

RESEARCH OBJECTIVES

Gravels can make up large fractions of the subsurface,
including vadose zones. The extensiveness of some gravel
deposits is evident from the fact that they serve as major
aquifers that supply groundwater for agricultural, industrial,
and municipal use. Because some gravel deposits do occur in
the vadose zone, understanding unsaturated flow and transport
in such settings requires knowledge of their hydraulic proper-
ties. Some gravel deposits occur in heavily contaminated
vadose zones such as the Hanford Site in Washington State,
where radioactive wastes have leaked. Gravels are also an
important component in engineered capillary barriers for sub-
surface waste isolation. However, relatively little information is
available on the unsaturated hydraulic properties of gravels. In
a recent study (Tokunaga et al., 2002), the levels of residual sat-
uration in Hanford gravels were found to be high, in the range
of 0.1 to 0.2. The present work addresses a much broader range
of matric (capillary) potentials and saturations in Hanford grav-
els, and includes characterization of intragranular porosity and
water film thicknesses on external grain surfaces.

APPROACH

To cover a wide range of matric potentials (0 to -300 MPa),
water-retention measurements were made using suction plate,
pressure plate, and vapor-pressure methods (Figure 1).
Average water film thicknesses on external surfaces of gravel
grains were obtained with a synchrotron x-ray microprobe-
based suction plate technique (Tokunaga et al., 2003). External
grain surfaces were also characterized with a laser profilome-
ter, atomic force microscope, and scanning electron micro-
scope. Intragranular surface area was determined with
adsorption isotherms (water vapor and krypton gas).

ACCOMPLISHMENTS

External surfaces of these gravels have root mean-square
roughnesses in the ym range, with sparsely distributed deep
(hundreds of ym) pits. Water films on these external surfaces
are volumetrically insignificant at matric potentials less than
about -2 kPa. Residual water in these gravels occurs in intra-
granular pores, accounts for about 10% of the total porosity,
and is effectively hydraulically immobile. The insignificant
advective access to this intragranular domain was established
from measurements that show less than 2% change in satura-
tion over the matric potential interval of -10 kPa to -10 MPa.
The intragranular domain in Hanford gravels also has a large
specific surface area of about 11 m2 g1.

106

SIGNIFICANCE OF FINDINGS

The high specific surface area and porosity associated with
interior regions of Hanford gravel grains largely explain why
exchanges of solutes (including contaminants) in these sedi-
ments are significant and strongly diffusion-limited.

RELATED PUBLICATIONS

Tokunaga, TK., J. Wan, and K.R. Olson, Saturation-matric
potential relations in gravel. Water Resour. Res. 38(10),
1214, d0i:10.1029/2001WR001242, 2002.

Tokunaga, T.K., K.R. Olson, and J. Wan, Moisture characteris-
tics of Hanford gravels: Bulk, grain-surface, and intragran-
ular components. Vadose Zone J. accepted June 2, 2003.
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Figure 1. Moisture retention in 2 and 6 mm Hanford gravels,
over a wide range of matric (water) potentials. Measurement
methods used are indicated along the x-axis as (a) vapor-pres-
sure regulation, (b) pressure plate, and (c) suction plate. The
vapor-pressure equilibration region data were obtained in
adsorption mode. The suction plate and pressure plate data were
obtained in drainage mode.
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BIOPROSPECTING IN EXTREME ENVIRONMENTS
Tamas Torok, Center for Environmental Biotechnology
Contact: 510/486-5808 ttorok@lbl.gov)

RESEARCH OBJECTIVES AND SIGNIFICANCE

Extremophilic microorganisms are adapted to survive in
such ecological niches as high temperatures, extremes of pH,
high salt concentrations, and high pressures. Therefore,
extremophilic microorganisms represent a challenging scientific
opportunity, not only for those interested in microbial diversity
and the evolution of life, but for researchers searching for clues
to extraterrestrial life. Also, extremophiles produce unique bio-
catalysts that function under extreme conditions comparable to
those prevailing in various industrial processes. Bioprospecting
for extremophiles with potential immediate use in the food,
chemical, and pharmaceutical industries—and in environmental
biotechnology—is therefore highly relevant.

In fulfilling the national security and biological nonprolif-
eration missions of the U.S. Department of Energy, the main
objective of this research is to establish a multiyear bio-
prospecting program for novel biotechnology applications in
the extreme environments of the Newly Independent States
(NIS) of the former Soviet Union. In previous years, the pro-
gram collected environmental samples in the exclusion zone of
the failed nuclear power plant in Chernobyl, around Lake
Baikal in Siberia, and on the Kamchatka peninsula. Currently,
we are expanding our research to the deserts and hot springs
in Uzbekistan, the Caucasus mountain sites in Georgia, and
the former nuclear test site in Kazakhstan.

APPROACH AND RESULTS

Structure of the microbial community in an ecological niche
is characteristic for the ongoing biogeochemical processes. We
use a polyphasic approach to microbial community characteriza-
tion—i.e., both culture-based and alternative, nonculture-based
techniques. We have isolated several thousand new microbial

strains and detected novel restriction enzymes (as well as unique
combinations thereof). Isolated microorganisms are then grown
under proprietary, secondary metabolite-producing conditions,
and the resulting natural products are screened for innovative
crop protection and biomedical application in collaboration with
our biotech industry partners. Lead molecules are chemically
characterized. Nucleic acid sequences of interest extracted from
extreme environmental samples are used in recombinant tech-
nologies and lead to novel biocatalysts and biologically active
molecules, with a wide range of applications in industry, agricul-
ture, and medicine. Microorganisms and their natural products
are being protected by joint patent disclosures. Berkeley Lab is
licensing the cultures to the industrial partners. Royalties and
other benefits are equitably shared with the NIS researchers.
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CONSTANT-HEAD WELL TESTING IN SUPPORT OF ENVIRONMENTAL REMEDIATION
Robert C. Trautz, Iraj Javandel, and Preston D. Jordan
Contact: Rob Trautz, 510/486-7954, rctrautz@lbl.gov

RESEARCH OBJECTIVES

Groundwater contamination resulting from improper
waste disposal and accidental releases of chemicals to the envi-
ronment is a significant problem faced by many communities.
Numerous technologies have been developed over the past
two decades to treat contaminated groundwater. Selection of
the best-available technology for a given site is based on the

well during water injection. Observed changes in flow rate and
water levels are used to estimate K.

ACCOMPLISHMENTS

Our equipment (Figure 1) differs from what is typically
employed, which includes disc and Guelph permeameters, in
that the test vessel is constructed to with-

treatment technology’s ability to either
remove or immobilize the contaminant and
the cost of implementing the treatment.
Both criteria are typically evaluated in light |
of contaminant travel times, which influ-
ence the groundwater treatment time and
cost, thus potentially affecting the final
cleanup method selected. This article
describes a constant-head test method and
equipment used in the field to estimate rela-
tively low hydraulic conductivities (K), an
important hydrological property of the con-
taminated water-bearing zone used to esti-
mate travel times.

APPROACH

A variety of methods are employed to |
measure K in the field. During a typical
pumping test, groundwater is pumped from
a well penetrating the desired zone at a con-
stant rate, and the change in water levels is
monitored in nearby wells. Alternatively,
during a slug test, groundwater may be
quickly added to or removed from a well, and
the water level in the test well is monitored as
it returns to its original level. Both techniques

have their advantages and disadvantages. configuration

 Injection Well

Figure 1. Photo of pressurized Mariotte
siphon system and constant-head test

. stand higher working pressures and, there-
= fore, can be operated at pressures exceeding

one atmosphere (zero gauge pressure). This

_ allows the test operator to deliver water to

the well at a constant positive head up to 3

atmospheres (gauge) by connecting com-

‘8] pressed air to the bubble tube instead of
"2 leaving it open to the atmosphere.

SIGNIFICANCE OF FINDINGS

The test equipment was successfully used
to conduct a constant-head injection test last-
ing 60 days in duration. During this time
period, water levels in adjacent observation
. wells, located up to 4.6 m from the injection
point, increased by 0.3 to 1 m because of the
52 m injection head. Analysis of the test
| results produced estimates of K comparable
.| to those produced from baseline slug tests

| conducted on the same wells. Constant-head
| tests have an advantage over pump tests in
that they can be used to characterize low-
yield porous materials. Compared to slug
tests, this method stresses a much larger vol-
ume of the zone of interest, producing esti-
mates of K that are less susceptible to error

Pumping tests are difficult to perform in low
K formations because the pumping rate may exceed the yield of
the aquifer, causing the well to be pumped dry. The stress
applied to the aquifer during a slug test typically penetrates only
a short distance into the adjacent formation, suggesting the
measured K may be influenced by conditions near the borehole
(e.g., formation damage caused by drilling). The method pre-
sented here employs a specially designed Mariotte siphon sys-
tem (Figure 1) to maintain a constant-hydraulic head on the test
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caused by wellbore damage and, therefore,
more representative of the formation.
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STUDIES RELATED TO DEEP WASTE INJECTION
Chin-Fu Tsang and Dmitriy B. Silin
Contact: Chin-Fu Tsang, 510/486-5782, cftsang@lbl.gov

RESEARCH OBJECTIVES

The main purpose of the Underground Waste Injection proj-
ect at Berkeley Lab is to develop new scientific approaches and
methods related to underground injection of liquid wastes and
to advise EPA on scientific aspects of injection regulation and
permit process. In 2003, under the project an international sym-
posium on Underground Injection Science and Technology will
be organized, with attendees from 15 countries. One technical
development in 2003 is the demonstration of a new pressure
analysis method that allows the possibility of estimating the for-
mation’s hydraulic properties using regular operations data, to
replace the currently-required annual shut-in tests. It is dis-
cussed below.

Aty
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Figure 1. Hourly injection pressures from a deep injection well at
an Ohio EPA site. Besides measured pressures (circles), the plot
includes six matching curves obtained using ODA on different
data intervals. All six curves practically collapse. Outside of the
data matching intervals, the calculated curves provide accurate
pressure predictions.

APPROACH

We have developed a new method, implemented in a code,
ODA, to analyze the operations pumping rates and pumping
pressure data (Silin and Tsang, 2002; 2003). To demonstrate its
capability, first, the formation parameters are estimated from
the regular injection operations data using the ODA code.
Then, these results are compared with the results obtained
independently from conventional analyses of fall-off tests.

RESULTS

The developed method has been applied to analyze sever-
al regular injection data sets obtained from four deep injection
wells at an Ohio EPA site. The injection intervals are approxi-
mately 300 ft long and mostly consist of sandstone formations.
The data fitting has been performed on vari-
- _‘\-‘\] 4’ ous data intervals. The resulting estimates of
Vil il B

the key hydraulic parameters are stable with respect to the
selected data interval. Figure 1 shows the results of six differ-
ent runs of the code on different matching intervals. In cases
where the matching interval was significantly shorter than the
whole data set, the extension of the calculated curve beyond
this interval provides an accurate prediction of the actually
measured pressures. In some cases, averaging of the data over
a running time window helps to improve the quality of fitting.
The smoothing of the data by such an averaging does not sig-
nificantly affect the estimated values of the hydraulic parame-
ters. Comparison of the results of analysis of conventional
pressure fall-off tests obtained by our method with results
obtained independently, using standard methods, shows that
in most cases our estimates of the skin factor are significantly
lower. We explain this by the fact that our approach rigorous-
ly accounts for the impact of pre-test pumping. Such an impact
is neglected by the standard methods. The stability of our esti-
mates makes them more credible than those of the standard
methods, where the estimates strongly depend on the selection
of the analyzed data interval.

SIGNIFICANCE OF FINDINGS

We have demonstrated that by applying the methods we
have developed to regular operations data, we can obtain
robust estimates of formation hydraulic properties. It implies
that interruptions for conducting transient pressure well tests,
which are required by regulations governing deep waste injec-
tion, can be significantly reduced or entirely replaced by regu-
lar data analysis. In addition to the consequent cost reduction,
our method makes possible continuous monitoring of the for-
mation properties, which means a significant safety enhance-
ment with regard to timely detection of possible leakage or
breakthrough of the liquid injectant.

RELATED PUBLICATIONS

Silin, D.B. and C.F. Tsang, Estimation of formation hydraulic
properties accounting for pre-test injection or production
operations. Journal of Hydrology, 265, 1-14, 2002.

Silin, D.B. and C.F. Tsang, A well-test analysis method
accounting for pre-test operations. SPE Journal, 8(1),
22-30, 2003.
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URANIUM TRANSFORMATIONS IN CONTAMINATED SEDIMENTS
Jiamin Wan, Tetsu K. Tokunaga, Terry Hazen, Mary Firestone', Zuoping Zheng,
Jasquelin Pena, Joern Larsen, and Eoin Brodie!

'University of California, Berkeley
Contact: Jiamin Wan, 510/486-6004, jmwan@lbl.gov

RESEARCH OBJECTIVES

Biogeochemical heterogeneity in the subsurface occurs
because of transport limitations at many length scales. The ques-
tion arises, when micro-environmental conditions vary signifi-
cantly at the millimeter scale, where do specific biogeochemical
processes occur, and how are they coupled? Within much of the
subsurface, the spectrum of micro-environments is coupled
through diffusive mass transfer. Thus, diffusion-limited domains
are the simplest systems within which the full range of transfor-
mations can occur. Furthermore, such systems cannot be under-
stood through characterization of bulk, volume-averaged prop-
erties because key gradients in chemical components and micro-
bial communities are overlooked. In this research, we are inves-
tigating the biogeochemistry of uranium (U) and nitrate (NO3~)
in diffusion-limited domains in order to understand the integrat-
ed effects of transport and biogeochemical reactions on transfor-
mations of these contaminants. Uranium and NOj3~ often occur
as co-contaminants, and the reduction of soluble U(VI) to insol-
uble U(IV) in sediments is being considered as a strategy for in
situ remediation. Pathways for U reoxidation need to be under-
stood for us to critically evaluate reductive in situ remediation
strategies. Our studies address three main segments of the sub-
surface U contamination cycle: (1) transport (sorption-release,
diffusion, advection), (2) biogeochemistry of reduction (as influ-
enced by NO3™), and (3) reoxidation.

APPROACH

Many studies are being conducted to evaluate both the indi-
vidual aspects and integrated effects of the U cycle in contami-
nated sediments. Individual components under investigation
include U(VI) sorption and release in batch systems, nitrate and
U(V]) reduction in batch systems, and U(IV) reoxidation to
U(VI). Column studies permit assessment of sorption-release
and reduction-oxidation on overall U and NOj~ transport.
Experiments are also being done on historically contaminated
and pristine soils from the NABIR Field Research Center at Oak
Ridge, Tennessee.

ACCOMPLISHMENTS

The importance of calcite in suppressing U(VI) sorption into
soils has been predicted and demonstrated (Zheng et al., 2003).
Overall bacteria diversity in historically U-contaminated soils
appeared to increase in response to lactate and NOj3~ additions,
although the high diversity in ni1S genes decreased. Lactate infu-
sion into U-contaminated soils resulted in reduction to U(IV) with-
in 30 days and was well reflected in redox potential measurements.
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SIGNIFICANCE OF FINDINGS

The effect of calcite on suppressing U(VI) sorption was pre-
viously overlooked when standard experimental procedures
were applied to slightly calcareous sediments. The sorption
envelopes help explain the transient U(VI) diffusion measure-
ments obtained in a related BES-supported study.

RELATED PUBLICATIONS

Tokunaga, T.K., J. Wan, T.C. Hazen, E. Schwartz, M.K.
Firestone, S.R. Sutton, M. Newville, K.R. Olson, A.
Lanzirotti, and W. Rao, Distribution of chromium contam-
ination and microbial activity in soil aggregates. J.
Environ. Qual., 32, 541-549, 2003.

Zheng, Z., TK. Tokunaga, and J. Wan, Influence of calcium car-
bonate on sorption of U(VI) to soils, Environ. Sci. Technol.,
2003 (submitted).
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Figure 1. (a) Preferential flow and transport in the subsurface;
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diffusion-limited domains
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GEOCHEMICAL EVOLUTION OF HIGHLY ALKALINE AND SALINE TANK WASTE PLUMES
DURING SEEPAGE THROUGH VADOSE ZONE SEDMENTS
Jiamin Wan, Tetsu K. Tokunaga, Joern T. Larsen, and Zuoping Zheng
Contact: Jiamin Wan, 510/486-6004, jmwan@lbl.gov

RESEARCH OBJECTIVES

Leakage of highly saline and alkaline radioactive waste
solutions from storage tanks into underlying sediments is a
serious problem at the Hanford Site in Washington State.
Although it was found from field samples that pH values of
the initially highly alkaline (pH 14) waste plumes dramatical-
ly decreased (to pH 10-7), understanding of
the neutralization process was lacking. Since
pH is a master geochemical variable, the behav-
ior of waste plume contaminants, including
their speciation, sorption, solubility, precipita-
tion, and transport, can be reliably predicted
only when the evolution of the pH profile is

the Silicate Dissolution Zone (SDZ, pH 14-10), and Neutralized
Zone (NZ, pH 10-7). After the plume source became inactive and
the plume aged, pH values within the SDZ continued to decrease
at a decreasing rate and eventually reached equilibrium at
around pH 10—whereas the pH values in the original neutralized
zone remained relatively unchanged. The major
reactions responsible for the pH evolution of the
waste plumes were identified, along with specif-
ic regions within the plumes where they occur.

SIGNIFICANCE OF FINDINGS
This laboratory study provides information

understood. This study focuses on the geo-
chemical evolution of major geochemical
parameters including pH, and addresses how

on how pH evolved as tank waste plumes prop-
agated. As a master geochemical variable, pH
needs to be understood in order to predict the

narmafiized distance

pH evolved as the plumes propagated.

APPROACH

We designed a plume profiling method to
obtain spatially and temporally direct measure-
ments of plume geochemistry profiles. The in-

fluences of waste solution pH, ionic strength, | Figure 1. The pH profile along the
0.2, 0.5, and 2.0 m tall columns, with
the distance axis normalized to the
predicted plume front position

and sediment type were also studied. To maxi-
mize the relevance of this laboratory study for
understanding real field problems, most of
the experiments involved infusion of synthetic waste solutions
into sediment columns, thereby integrating the influences of
reactions and transport.

ACCOMPLISHMENTS

This study revealed that while the plume is connected to an
actively leaking source, its profile spans the very broad range
from pH 14 (influent waste pH) within the near-source region,
down to pH 6.5 (lower than that of the initial soil solution) at the
plume front (Figure 1). The plume can be divided into two zones:
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fate and transport of contaminants carried by
waste plumes.

RELATED PUBLICATIONS

Wan, J., TK. Tokunaga, J.T. Larsen, and R.J.
Serne, Geochemical evolution of highly
alkaline and saline tank waste plumes dur-
ing seepage through vadose zone sedi-
ments. Geochim. Cosmochim. Acta, 2003 (in
press).

Wan, J., ].T. Larsen, T.K. Tokunaga, and Z. Zheng, pH neutraliza-
tion and zonation in alkaline-saline tank waste plumes.
Environ. Sci. Technol., 2003 (submitted).
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MODELING GEOCHEMICAL REACTIVE TRANSPORT OF CONCENTRATED AQUEOUS
SOLUTIONS IN VARIABLY SATURATED MEDIA
Guoxiang Zhang, Zuoping Zheng, and Jiamin Wan
Contact: Guoxiang Zhang, 510/486-4980, gxzhang@lbl.gov

RESEARCH OBJECTIVE

Concentrated aqueous solutions (CAS) occur in many nat-
ural and contaminated environments, such as in the leakage of
highly concentrated NaNOj electrdytes stored at DOE’s
Hanford site. They are generally considered as solutions with
ionic strength larger than 1 M and can be more than 10 M. The
main objectives in this paper are (1) to develop a model that
can simulate the coupled geochemical and transport processes
of CAS by developing a Pitzer ion-interaction module and
incorporating it into a previously developed computer code,
BIO-CORE2DO, (2) to verify the developed module and the
implementation into BIO-CORE2D®, and (3) to validate the
developed model through simulating laboratory experiments.

Figure.1. Simulated pH and measured pH of the effluent fluid
during the injection of a highly alkaline-saline solution into a col-
umn filled with unsaturated sediments from the Hanford Site

APPROACH

The Pitzer ion-interaction model is considered the best rep-
resentation of the ionic activity within CAS. In this study, a
module of the Pitzer ion-interaction model is developed and
implemented in a previously existing geochemical and micro-
biological reactive transport computer code, BIO-CORE2D©
(Zhang, 2001). This code solves saturated-unsaturated flow,
heat transfer, and solute transport coupled with chemical and
microbial processes. A database storing Pitzer ion-interaction
parameters was also developed. All parameters are tempera-
ture-dependent.

ACCOMPLISHMENTS

Several reported cases in the literature are used to verify
the implementation of the Pitzer model. One of them calcu-
lates the activity coefficient of hydrochloric acid in a concen-
trated HCI-NaCl-KCI-H,O system (298.15 K), at ionic
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strengths of 4, 5, 6, and 7 mol/kg, respectively, as a function
of KCl concentration. We compared model results to the
experimental data. Another case reports calculation of the
activity coefficient of NaCl in a concentrated aqueous NaCl-
NayS04-H,O system—at ionic strengths of 2, 3, 4, and 6; and
at 298.15 K and 318.15 K, respectively, as a function of NaySOy
concentration. The results show that the activity coefficients
calculated by BIO-COREZ2DO are fairly close to the measure-
ments. Wan et al. (2002) carried out a column experiment to
understand the chemical interactions taking place in sedi-
ments from the Hanford Site during leakage of highly alka-
line-saline solutions. In this experiment, highly alkaline-saline
solution was injected into a column filled with unsaturated
sediments from the Hanford Site. The experiment was mod-
eled using BIO-CORE2D®, and the results match the meas-
ured chemical composition of the effluent water. Figure 1
shows that the simulated pH matches the measured pH well.
This result helps to improve our understanding of mineral
precipitation and cation exchange processes during leakage of
the tank waste solutions into sediments.

SIGNIFICANCE OF FINDING

The Pitzer phenomenological theory, as a basis for calculat-
ing ionic activities in concentrated aqueous solutions, is ade-
quate for modeling high—ionic-strength problems. The
Pitzer-type model generally reproduces the observed concen-
tration trends for the Hanford case in which highly alkaline-
saline solutions have leaked into sediments. Discrepancies
could be attributed to uncertainties in cation exchange coeffi-
cients, surface areas, kinetics, and other thermodynamic data
used in the model, as well as measurement errors.

RELATED PUBLICATIONS

Wan, ], TK. Tokunaga, and ]J.T. Larsen, 2002, Evolution of
REDOX tank waste plumes in Hanford vadose zone: A
conceptual model developed through reactive transport
studies, 2002 (submitted).

Zhang, G., 2001, Nonisothermal hydrobiogeochemical models
in porous media. Ph.D. dissertation, University of La
Coruiia, Spain.
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BERKELEY LAB SITE MODELING
Quanlin Zhou, Jens T. Birkholzer, Iraj Javandel, and Preston D. Jordan
Contact: Quanlin Zhou, 510/486-5344, qlzhou@Ibl.gov

RESEARCH OBJECTIVES

In the late 1980s, groundwater contamination was detected
at the original site of Berkeley Lab (Old Town Area). A detailed
investigation was conducted to locate the source and extent of
the contamination. Interim corrective measures were initiated
where appropriate and required, typically directed towards
removing the source of contamination and installing ground-
water collection trenches downstream of the plumes, limiting
further spreading of contaminants. To provide a basis for pre-
dicting the fate of contaminants, we developed a transient
groundwater flow model for the complex hydrogeological sit-
uation in this area. The objective of this work is to improve our
understanding of flow patterns and

ACCOMPLISHMENTS

The calibrated hydrogeologic properties and recharge
rates produced good agreement between the simulated and
measured water table at about 40 observation wells and the
flow rate at two water collection trenches. The calibrated
“effective” porosity, which is much smaller than the actual
physical porosity, represents the bulk effect of thin layers of
relatively high hydraulic conductivity and large porosity,
found in the mixed unit within bedrock of otherwise very
low conductivity and porosity. This effective porosity thus
leads to fast responses to water table changes with strong
seasonal fluctuations. The validation results indicate that the

developed model can accurately

contaminant transport in the Old | soo}-
Town Area, to support the decision- -

making processes for remediation 600:_
measures. i
APPROACH 400

In addition to the complex hydro-
geology—featuring several geologic
units with strongly varying thickness-
es, slopes, and properties—ground-
water flow is strongly affected by sea-
sonal patterns, by local recharge from | .
leaking storm drains, and by signifi-
cant water recharge from steep hills
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predict the complex groundwater
flow at the Berkeley Lab site. Figure
1 shows the simulated velocity field
and particle trajectories at July 1998,
together with measured concentra-
tion contours. The simulated advec-
tive transport patterns and the
measured extent of the plume are in
good agreement.
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SIGNIFICANCE OF
FINDINGS

The developed model predicts
g roundwater flow in complex geo-

| I S

located in the upstream direction. A '402200 2400 2600
hydrogeologic model was developed
from geologic information obtained
from more than 100 boreholes and
outcrop maps. Boundary conditions
for this model were established from water levels collected from
a large set of monitoring wells, subdrains, and deep trenches.
Distribution of hydraulic conductivity was initially assigned
based on the data compiled from single- and multiwell pumping
tests. Recharge to groundwater was initially estimated from the
type of land surface coverage (i.e., paved, under the building, or
irrigated areas). Subsurface utility maps were also employed to
locate and estimate potential leakage from corroded storm drains.
Subsequently, some of the input data were adjusted, using cali-
bration techniques enabling a very accurate hydrography of a
large set of monitoring wells. Calibration was performed based
on 1994-1996 water levels. The calibrated flow model was vali-
dated using a blind model prediction conducted for the period of
July 1996-June 2000. A refined model was subsequently devel-
oped for the central area of the main contaminant plume. This
refined model will be used as a tool to analyze
_\‘\_l # and improve the current hydraulic measures
B flf:{ conducted for contaminant remediation.
e
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Figure 1. Simulated particle trajectories originating from
contaminant plumes at steady-state flow rate (April 1998)

logical structures (ones with sharp
changes in interfaces and water table
gradients). It can improve our under-
standing of contaminant transport at
the Berkeley Lab site and help us
make better decisions about remediation measures for the
Berkeley Lab Remediation Project.

RELATED PUBLICATIONS

Javandel, I, RCRA Facility Investigation Report, Module B,
Lawrence Berkeley National Laboratory, Berkeley,
California, 2000.

Zhou, Q., J. T. Birkholzer, 1. Javandel, and P. D. Jordan,
Simulation of Groundwater Flow at the LBNL site Using
TOUGH2, LBNL-52512, Proceedings of TOUGH Sym-
posium 2003, Berkeley, California, 2003.
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Climate Variability and Carbon Management is a growing
interdisciplinary research program in the Earth Sciences
Division. The program’s main focus is on conducting research
to increase the scientific foundation for prediction, impact
assessment, and prevention of climate change. In addition,
increased understanding of the earth’s biogeochemical cycles
and climate is needed for many other pressing issues under
the purview of DOE and other public agencies, such as stew-
ardship of water resources and the environmental effects of
energy use and land use. To that end, we have active projects
on climate and hydrology, climate change, a variety of ecolog-
ical systems and biogeochemical cycles, and carbon sequestra-
tion in geologic, oceanic, and terrestrial systems.

One of the strengths of the Climate Variability and Carbon
Management Program is its active partnerships with universi-
ties, industry, and other research laboratories. A prominent
example of such partnerships is our strong link to research
activities on the UC Berkeley campus, including the Berkeley
Atmospheric Sciences Center.

Last year (2002), within the Program, more than a dozen
PIs led projects that included four divisions and more than 62
people at Berkeley Lab. This year (2003), the Program joined
with three other divisions (Energy and Environmental
Technologies, Engineering, and National Energy Research and
Scientific Computing) in developing a proposal for a Lab-wide
climate change initiative.

RECENT ACCOMPLISHMENTS

To illustrate a few recent accomplishments by the Climate
Variability and Carbon Management Program, below we
describe the new regional carbon sequestration alliance we
have joined and the advanced research we are doing in the
areas of regional climate studies, terrestrial carbon cycling,
oceanic carbon cycling, and geologic carbon sequestration.

Vil il B
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CLIMATE VARIABILITY AND

CARBON M ANAGEMENT

Margaret S. Torn

510/486-2223
mstorn@lbl.gov

CARBON SEQUESTRATION PARTNERSHIP

A major new development this year was the establishment of
the West Coast Regional Carbon Sequestration Partnership, in
which ESD is playing a central role. This is one of seven partner-
ships recently established by the DOE to evaluate CO, capture,
transport, and sequestration technologies best suited for differ-
ent regions of the country. The West Coast Region comprises
Arizona, California, Nevada, Oregon, Washington, and the
North Slope of Alaska. This partnership constitutes a consortium
of over 35 organizations, including state natural resource and
environmental protection agencies; national labs and universi-
ties; private companies working on CO, capture, transportation,
and storage technologies (CS&T); utilities; oil and gas compa-
nies; nonprofit organizations; and policy / governance coordinat-
ing organizations. In an 18-month Phase I project, this partner-
ship will evaluate both terrestrial and geologic sequestration
options. There are five major tasks. The first task is to collect data
to characterize major CO, point sources, the transportation
options, and the terrestrial and geologic sinks in the region.
These data will be compiled and organized via a geographic
information system (GIS) database.

Another task is to address key issues affecting deployment
of CS&T technologies, including storage site permitting and
monitoring, injection regulations, and health and environmen-
tal risks. As part of this, we will conduct public outreach and
maintain an open dialogue with stakeholders in carbon CS&T
technologies through public meetings, joint research, and edu-
cation work. At this point, the data and information from the
above tasks can be integrated and analyzed to develop supply
curves and cost-effective, environmentally acceptable seques-
tration options, both near- and long-term. Finally, the partner-
ship will identify appropriate terrestrial and geologic demon-
stration projects consistent with the options defined above,
and create action plans for their safe and effective implemen-
tation. If suitable demonstration projects can be identified and
are approved by DOE, they will be carried out as a Phase II of
the Partnership program.
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REGIONAL CLIMATE AND WATER RESOURCES

Berkeley Lab's California Water Resources Research Center
investigates regional and local hydroclimates for multiple state
and federal agencies. A number of regional climate models tend
to overestimate precipitation in California, making it difficult to
predict water resources and flooding, or to evaluate climate
change impacts with confidence. Berkeley Lab analyses
showed that these biases arise because models do not represent
snow accurately. Simulating the snow pack also has great prac-
tical significance, since snow packs store 80% of California's
water supply. A climate change analysis for the year 2100 per-
formed by the Lab projects a significant reduction in snow pack
for six major watersheds in the state. The related changes in
snowmelt and stream flow suggest there will be higher flow,
and thus greater flood danger, in the winter, while summer
flows, when demand is greatest, will be lower.

TERRESTRIAL BIOSPHERE CARBON CYCLE

Soils contain twice as much carbon as the atmosphere and
exchange carbon with the atmosphere at ten times the rate of
fossil fuel emissions. We are using advanced isotopic tech-
niques to study the poorly understood rate-controlling process-
es hidden underground. Berkeley Lab documentation that fine
tree roots live five times longer than previously thought is lead-
ing to changes in forest ecosystem models and estimates of the
amount of carbon pumped belowground by root growth. One
of the focal points of carbon cycle research is the vast range of
scales—from a single leaf to an entire continent—that must be
bridged with measurements and models. Berkley Lab has
implemented a coordinated suite of carbon concentration, iso-
tope, and flux measurements in the Southern Great Plains, as
part of the DOE Atmospheric Radiation Measurement (ARM)
Program. Data streams began flowing to the ARM archives this
year. Simultaneously monitoring from crop fields, tall towers,
and aircraft, this facility is possibly the best-instrumented site
for regional carbon studies in the world.

OCEAN BIOGOECHEMISTRY

Oceans contain more carbon than any other dynamic reser-
voir on earth, and thus pose a great observational challenge.
The pulses of biological productivity are episodic and rapid,
and the areas are vast. As a result, we lack understanding of
what controls ocean productivity and the export of carbon
from the productive photic zone to deeper waters, where it can
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be stored for long periods. Berkeley Lab has developed the
Carbon Explorer, an autonomous float that uses satellite
telemetry to report its observations from distant oceans. Last
year, Carbon Explorers were deployed as part of the Southern
Ocean Iron Experiment to test the effect of iron fertilization.
The results suggest that the impact of iron was greater than
expected in waters where other essential elements were defi-
cient. These results were made possible by the continuous
observations of the Carbon Explorers over an entire year, a
data record that would not have been possible with conven-
tional research ships.

GEOLOGIC CARBON SEQUESTRATION

Geologic sequestration of CO, below the earth’s surface is
one of the most promising options for reducing atmospheric
CO, over the next several decades, because the technologies to
capture and store CO, are readily available. Berkeley Lab has
been exploring a possible new technology—carbon sequestra-
tion with enhanced gas recovery, whereby CO; is injected into
mature natural gas reservoirs to enhance CHy recovery while
simultaneously storing CO; in the reservoir. Simulations sug-
gest that the method is both technically and economically fea-
sible in many cases. Berkeley Lab was also active during the
year in leading an international comparison of numerical
codes that predict the fate of CO, in storage reservoirs, to bet-
ter understand human health and environmental impacts. We
also demonstrated the first use of seismic imaging between
two horizontal wells for detailed characterization of a storage
reservoir, and the first use of joint electromagnetic and seismic
imaging to quantitatively map the saturation of CO; in the
subsurface for monitoring and verification.

FUNDING AND PARTNERSHIPS

The Climate Variability and Carbon Management Program
is funded by a variety of federal and state agencies, and inter-
national collaborations. These include the U.S. Department of
Energy’s Office of Basic Energy Sciences, Office of Fossil
Energy, Office of Geological and Environmental Research, and
Office of Biological and Environmental Research; the National
Aeronautics and Space Administration; the National Science
Foundation; the National Oceanographic and Atmospheric
Administration; and the Office of Naval Research, as well as
the California Energy Commission and CAL-FED.
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UNDERSTANDING AND ASSESSING
GLOBAL OCEAN CARBON SEQUESTRATION

James K. Bishop
Contact: 510/486-2457, jkbishop@lbl.gov; http://www-ocean.lbl.gov

RESEARCH OBJECTIVES

Over the past century and a half, atmospheric CO, concen-
trations have risen by over 30% from pre-industrial levels. The
increase is approximately half the cumulative emission as a result
of human activity, with the oceans acting as a major repository for
the anthropogenic carbon. This rapid increase in the atmospheric
CO, has contributed in some measure to the recent warming
trends observed worldwide. Understanding
the processes that maintain and change the car-
bon cycle, and developing strategies for man-
aging carbon fluxes and inventories, are |..
national priorities. The following questions are
critical: How does the ocean naturally sequester
carbon? How will this change in the future? Could
purposeful enhancement of carbon storage in the
ocean be an effective way to manage CO, in the
atmosphere and are such actions safe? |

Biological transformations of carbon in the |/
sea have an important impact on the atmos-
phere. Marine phytoplankton, whose bio-
mass is renewed entirely every 1 to 2 weeks,
consume CO, through photosynthesis at a

ACCOMPLISHMENTS

Our North Pacific Carbon Explorers documented the
response of marine biota to an iron-deposition event associ-
ated with a massive dust storm originating in northeast Asia
(Bishop, Davis, and Sherman, 2002).

In the Southern Ocean, Carbon Explorers have quantified
an immediate biomass enhancement in response to deliberate
iron amendment (Bishop et al., 2002).
Also, for the first time, they have docu-
mented carbon exported from such exper-
iments into the deep sea. Results have
|| been submitted for publication.

SIGNIFICANCE OF FINDINGS

The development of the Carbon
Explorer has truly revolutionized the
study of ocean biogeochemistry, by open-
ing an entirely new path for ocean carbon
cycle understanding. We have proven an
inexpensive method for following biologi-
cal processes in the ocean, on daily time
scales, for the greater part of one year. No

rate of ~50 Pg C yr’1 and transport ~10 Pg C Figure 1. Carbon Explorer just prior to limitation prevents implementation of
yrl from the surface layer to the deep sea. | deployment in the North Atlantic Ocean | sensors for other carbon components and
These fast biological and equally fast physical | by Jim Bishop. UC Berkeley Graduate | fluxes on the Carbon Explorer.

processes alter the CO, distribution in the sur-
face ocean and atmosphere. If we were to dis-
able the “biological carbon pump,” then levels

student Phoebe Lam assisted. The fully
robotic float measures temperature, salin-
ity, pressure, particulate organic carbon
biomass, light scattering, and carbon sed-

The Explorers are inexpensive enough
for wide deployment in the oceans to fol-
low the natural carbon cycle. They can also

of atmospheric CO, would rise by 30%. The | imentation during its daily transits from | perform observations during small-scale
challenge is to follow such fast processes on a | kilometer depths to the surface. Data are | experiments, such as those designed to

global scale.
APPROACH

The international project, Argo, is seeding the ocean with
thousands of low-cost, long-lived autonomous profiling floats for
studying the variability of heat, salinity, and mid-depth circula-
tion of the ocean. Four years ago, we initiated a collaborative
effort with Argo scientists to create the first robotic Carbon
Explorer—a fully robotic telemetry- and sensor-enhanced version
of an Argo float—carrying new optical sensors for characterizing
the distribution and fate of marine biology products.

Under Berkeley Lab leadership, Carbon Explorers controlled
to cycle between the surface and kilometer depths have been
deployed in the subarctic North Pacific (April 2001, February
2003) and in the Southern Ocean surrounding Antarctica (January
2002), where they have remained operational for more than one
year in notoriously stormy seas. Three more have just begun

observations in the North Atlantic (June 2003).
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transmitted to shore in real time for the study ocean ecosystem response to ocean
greater part of one year.

fertilization.

RELATED PUBLICATIONS

Bishop, J.K.B., R.E. Davis, and J.T. Sherman, Robotic observa-
tions of dust storm enhancement of carbon biomass in the
North Pacific. Science, 298, 817-821, 2002.

Bishop, J.K.B., TJ. Wood, and J.T. Sherman, Carbon Explorer
assessment of carbon biomass variability and carbon flux
systematics in the upper ocean during SOFeX. EOS Trans
Am Geophys Union, 83(47), F799, 2002.
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MODELING SUPERCRITICAL CQO, INJECTION IN BRINE-BEARING FORMATIONS
Christine Doughty, Karsten Pruess, and Sally M. Benson
Contact: Christine Doughty, 510/486-6453, cadoughty@Ibl.gov

RESEARCH OBJECTIVES

Geologic sequestration of CO, in brine-bearing formations
has been proposed as a means of reducing the atmospheric load
of greenhouse gases. Numerous brine-bearing formations have
been identified as having potential for geologic sequestration of
CO,. One promising setting is the fluvial/ deltaic Frio formation
in the upper Texas gulf coast, which is the site of an upcoming
pilot test of CO, sequestration. The objective of this research is
to investigate the physical processes controlling the behavior and
ultimate fate of CO; in the subsurface, to help design the pilot
test and to gain a broader understanding of the issues accompa-
nying CO, sequestration in brine-bearing formations.

APPROACH

To evaluate CO, sequestration scenarios, we
use the numerical simulator TOUGH?2, which con-
siders all flow and transport processes relevant for
a two-phase (liquid-gas), three-component (CO,,
water, dissolved NaCl) system. In the subsurface,
supercritical CO, forms an immiscible gas-like
phase and partially dissolves in the brine.

A three-dimensional numerical model is devel-
oped of the pilot test site, a 450 m x 450 m dipping
fault block containing several wells that penetrate
the 12 m thick brine-saturated sand near the top of
the Frio that is our sequestration target. Under the
planned sequestration conditions (P = 150 bars, T
= 66°C), supercritical CO, is strongly buoyant
compared to the native brine.

ACCOMPLISHMENTS

We have simulated a number of alternative scenarios for
the pilot test, varying three types of model parameters:
¢ Operational parameters such as injection and monitoring
well locations and injection schedule
e Geological features such as the continuity of shale layers,
the connectivity of sand channels, and the permeability
of faults
¢ Multiphase flow properties such as relative permeability
curves
Simulations show that relative permeability functions have
a strong effect on CO, plume development. Because most of
our knowledge and experience concerning relative permeabil-
ity for the Frio comes from petroleum reservoirs, in which lig-
uid phases displace a pre-existing gas phase, how to choose
appropriate relative permeability functions for supercritical
CO; injection into a brine-saturated formation is still an open
question. Snapshots of the simulated supercritical CO, plume
(Figure 1) show the impact of relative permeability. For rela-
tive permeability functions with large residual gas saturation
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Top row: Sgr = 0.23

Sgr, the plume is compact and does not move much under
buoyancy forces, because much of the gas is immobile. In con-
trast, for relative permeability functions with small Sgr, the
plume is more diffuse. It moves and spreads significantly over
time, allowing a much larger fraction of the CO; to dissolve in
the brine.

SIGNIFICANCE OF FINDINGS

The ability to numerically simulate the complex multi-
phase flow processes involved in CO, injection is critical to
developing a good experimental design for the pilot test, just
as it will ultimately be for designing successful sequestration
operations.

Figure 1. Modeled gas saturation distribution after 20 days of injection of supercriti-
cal CO, into a brine-saturated formation, for two different values of residual gas sat-
uration S, The injection and monitoring wells are shown as black lines.

The residual gas saturation used in the relative permeabil-
ity functions is a key factor controlling the development of the
CO; plume. Future laboratory and field work will be directed
toward determining appropriate values of Sg; for CO, injec-
tion into brine-bearing formations.

RELATED PUBLICATIONS

Doughty, C., and K. Pruess, Modeling supercritical CO, injec-
tion in heterogeneous porous media. Presented at TOUGH
Symposium 2003, Berkeley Lab., Berkeley, California, May
12-14, 2003.

Related web site: http: / / www-esd.Ibl.gov/ GEOSEQ/ index.html
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TRACKING STABLE ISOTOPES IN A REGIONAL CLIMATE MODEL
Prudence N. Foster, Norman L. Miller, and Don DePaolo
Contact: Norman L. Miller, 510/495-2374, nlmiller@lbl.gov

RESEARCH OBJECTIVES

The ability to track isotopes through the water cydle in a cli-
mate model offers the opportunity to test the climate model
itself, as well as to learn more about the water cycle. While sev-
eral global climate models currently have isotope-tracking sub-
routines, there is to date no regional climate model with isotope
tracing. Well-recognized advantages of a regional climate model,
over a global one, include the ability to study the natural vari-
ability of local water budgets on scales of interest to water plan-
ning and ecological impact analyses. Adding tracing routines to
the regional model will allow us to study the source of local rain-
fall and to better understand its sensitivity to climate and land
surface changes. Moreover, isotope tracking throughout the water
cycle will allow an unprecedented ability to test numerical pre-
cipitation schemes. Currently, climate models compare their pre-
cipitation predictions based primarily on the amount of rainfall.
Since rain can develop in a variety of ways, simply getting the
amount correct is not a guarantee that the model is actually sim-
ulating reality. By comparing the isotopic content of both deu-
terium and 180 in the rainfall to observations on the scales at
which observations can actually be extensively done (i.e., the
regional scale), we will have much greater confidence in our
rainfall schemes. Such intensive observations are already under
way at the DOE Atmospheric Radiation Measurement-Cloud
and Radiation Testbed (ARM-CART) site in Kansas (Macha-
varam et al., 2003), and we plan to make comparisons between
our model and these observations.

APPROACH

Our approach has been to add isotope tracers to the com-
munity regional climate model MM5 (fifth generation
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Mesoscale Model). First of all, we have added a set of tracers
that exactly copy the water cycle itself. Now, we are working
on tracking “colored water”; for example, red water only
enters the grid from the water surface of the Gulf of Mexico.
We are testing various schemes for tracking the colored water
through the processes of surface evaporation, mixing in the
planetary boundary layer and cloud physics. The colored
water will allow us to understand where water is coming
from over the ARM/CART site. Once we have some assur-
ance that these schemes are redistributing the colored water
in a manner that we expect, adding the fractionation associ-
ated with various phase changes should be trivial. We will
then be in a position to validate the model predictions against
the observations of precipitation and vapor isotopic values
measured in June 2000 at the ARM/ CART site.

ACCOMPLISHMENTS

To date, we have completed a map of the water cycle in
MMS5. We have reproduced the water cycle with an addi-
tional vector that can exactly follow the treatment of water
or can be manipulated to test code development. We have
also prepared the fractionation subroutines that will be
needed when the code is ready to address the issue of iso-
topes.
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PERFORMANCE REQUIREMENTS FOR GEOLOGICAL STORAGE OF CO,
Robert P. Hepple and Sally M. Benson
Contact: Robert P. Hepple, 510/486-5989, rphepple@lbl.gov

RESEARCH OBJECTIVES

The probability that long-term geologic storage or sequestra-
tion of CO, will become an important climate change mitigation
strategy depends on a number of factors, namely (1) public
acceptance, (2) the cost of geologic storage compared to other cli-
mate change mitigation options, and (3) the availability, capacity,
and location of suitable sites. Whether or not a site

estimated worldwide volcanic and magmatic degassing is esti-
mated to be 0.07 to 0.13 GtC/year. Because seepage rates less
than 0.01% per year meet several criteria for all scenarios, this
may be a reasonable long-term global performance require-
ment for surface seepage.
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we developed zewth-order estimates for the
annual amount of CO, that would need to be
sequestered to meet atmospheric stabilization
targets of 350, 450, 550, 650, and 750 ppmv. We
assumed geologic sequestration would be used
as a bridging technology, allowing for the gradual phase-out of
fossil fuels over a period of up to 300 years. We also assumed
that geologic storage constitutes the only mitigation outside of
the climate-forcing parameters included in the emissions sce-
narios (e.g., parameters such as the rates of technology and
economic development, and the strength of the movement
toward global environmental and sustainability ethics.)

To address a second important question, “What would be an
acceptable surface seepage rate?” we first calculated the rate at
which CO, might seep back to the surface and then compared
the calculated seepage to the allowable emissions for atmos-
pheric CO; stabilization at each of the five targets. We assumed
that the amount of seepage would be proportional to the total
amount of CO; stored underground at any given time.

ACCOMPLISHMENTS

Figure 1 shows the range of projected storage amounts
across the potential stabilization targets, which average
between 900 and 2,500 GtC, and it includes estimated storage
capacity for comparison. For an annual seepage rate of 0.01% or
104/year, the maximum annual seepage never exceeds 0.5
GtC/year for any of the projected sequestration scenarios and
would ensure that at least 90% remained effectively
sequestered after 1,000 years. For comparison, the total
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Figure 1. Total target sequestration in Gigatonnes of Carbon (GtC) for each scenario
across the range of potential atmospheric stabilization targets in parts per million
(ppm) of carbon dioxide.

SIGNIFICANCE OF FINDINGS

According to the results presented here, geologic storage
could be an effective method to ease the transition away from
a fossil-fuel-based economy over the next several decades to
centuries, even if large amounts of CO, are stored and some
small fraction seeps from storage reservoirs back into the
atmosphere.

RELATED PUBLICATIONS

Benson, S.M., R. Hepple, J. Apps, C.-F. Tsang, and M.
Lippmann, Lessons learned from natural and industrial
analogues for storage of carbon dioxide in deep geological
formations. Berkeley Lab Report LBNL-51170, 2002.

Hepple, R.P. and S.M. Benson, Geologic storage of carbon diox-
ide as a climate change mitigation strategy: performance
requirements and the implications of surface seepage. Env.
Sci. Tech., 2003 (submitted).
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A MESOSCALE ANALYSIS OF THE IMPACT OF SNOWPACK ON CLIMATE VARIABILITY
IN THE SIERRA NEVADA REGION
Jiming Jin and Norman L. Miller
Contact: Jiming Jin, 510/486-7551, jimingjin@lbl.gov

RESEARCH OBJECTIVE

Greater than 70% of the annual streamflow in the western
United States is derived from snowpack. Hence, accurately
forecasting snowpack is essential to this region's economy and
well-being, and numerical models are necessary (and power-
ful) tools for this purpose. The objectives of this study were to
evaluate the snow scheme with an advanced mesoscale model,
using observational evidence, and to investigate the impact of
snowpack on climate variability in the Sierra Nevada region.

APPROACH

The model used is the fifth-generation Mesoscale Model
(MM5)  developed by the Pennsylvania State
University /National Center for Atmospheric Research. This
model was used to generate 12 km resolution results that
account for complex topography in the Sierra Nevada. The
observed Snow Water Equivalent (SWE) depths for this region
were assimilated into MM5 to allow for an investigation into
snow evolution and its related processes. This investigation was
an approach toward correcting the identified model deficiencies
caused in part by the simple snow physics in the land-surface
model coupled to MM5. The observed daily SWEs were meas-
ured through the automated Snowpack Telemetry system dur-
ing the snowmelt season from April 1998 to June 1998.

ACCOMPLISHMENTS

Comparison of observed and simulated SWEs (Figure 1a)
indicates that at the 12 km resolution, MM5 poorly represents
the snowpack over the Sierra Nevada region during the
snowmelt season. At the same time, with the misrepresented
snowpack, the model produces a strong warm bias at the near
surface (Figure 1b) and exaggerated precipitation (Figure 1c).
Subsequently, the observed SWEs (red line in Figure 1a) were
incorporated into the model to improve its climate-simulation
performance. After the SWE assimilation, the simulated 2 m
height air temperature was in very good agreement with
observations. In the model, because the assimilated SWE con-
sumes a large amount of energy on account of the melting
process, the surface skin temperature was reduced, which
decreases the upward sensible heat flux. The decreased sensi-
ble heat flux supplied less energy to the near surface air and
alleviated the warm bias in the 2 m height air temperature.
Furthermore, SWE assimilation caused a lowered sensible heat
flux as well as a colder surface, leading to weaker outgoing
long-wave radiation, reduced air temperature in the lower tro-
posphere, and a stabilizing of the atmosphere. The more stable
atmosphere restricted atmospheric convections and thus

decreased the amplified precipitation.
- —\.\l )
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SIGNIFICANCE OF FINDINGS

This study (Jin and Miller, 2003) indicates that snowpack has
a significant effect on near-surface air and precipitation over the
Sierra Nevada. Our findings provide a substantial advancement
in our understanding of climate variability in the Sierra Nevada
region, as well as direction for future model development.
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Figure 1. Comparison of simulations and observations aver-
aged over the Sierra Nevada region for the period of April
2-June 30, 1998: (a) Snow water equivalent (mm); (b) 2 m height
air temperature (°C); (c) Precipitation (mm). Obs is observa-
tions, Simu is the 12 km resolution simulation with no SWE
assimilation, and SimuAs is the 12 km resolution simulation
with SWE assimilation.
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ImrACT OF THE ENSO SNOWPACK ON THE WESTERN UNITED STATES:
A GLOBAL CLIMATE MODEL STUDY
Jiming Jin and Norman L. Miller
Contact: Jiming Jin, 510/486-7551, jimingjin@lbl.gov

RESEARCH OBJECTIVE

Snowpack is a major water resource in the western U.S.. An
accurate forecast of snow amount is essential to water allocation
in this region. The objectives of this study are to examine the rela-
tionship between El Nifio Southern Oscillation (ENSO) and
snowpack over this region and to investigate—by comparing
observations to simulations from a state-of-the-art global climate
model (GCM)—how ENSO affects snow accumulations.

APPROACH -
" B
The GCM used in this study is the
Community Climate Model Version 3 450 ]

(CCM3) developed by the National Center ]
for Atmospheric Research (Kiehl et al, 400 4
1996). To accurately represent the snowpack
in the model, a Snow-Atmosphere-Soil

warm phase of the ENSO, which is consistent with the
observed processes. However, the negative snow anomalies
for both simulations and observations appear to have no con-
nections with the tropical Pacific SSTs, which are attributed to
the weakened precipitation caused by atmospheric internal
variability.

SIGNIFICANCE OF FINDINGS

This study clarifies how the ENSO
affects snowpack in the western U.S. and
improves our understanding of the mech-
anism of snow anomalies. The modeled
atmosphere in the mid-latitudes incorrect-
ly responds to the tropical Pacific SSTs and
shifts the way the air mass gets transport-

Transfer (Jin et al., 1999) land-surface model . ed over the Northwest (compared to
with sophisticated snowpack processes was A observations). These findings will greatly
coupled to CCM3. A 45.5-year simulation — o T T "'4""?_ benefit climate and water- resources fore-
from December 1949 to May 1995 was gen- ) - ;___E " S casts and future model development.

erated from this coupled model, which was
forced by observed global sea surface tem-
perature (SST) data with year-to-year varia-
tions. The observed Snow Water Equivalent
(SWE) depths were collected from more
than 300 snow-course locations in the west-
ern U.S.

L) e ks

ﬂ-c;;#

ACCOMPLISHMENTS

Figure 1 illustrates the correlation
between observed Nifio-3.4 SSTs averaged
over 120°W-170°W and 5°S-5°N, and
SWEs from the model output and observa-
tions during winter and early spring for
1950 to 1994. This figure indicates that sig-
nificant correlations occur in the western U.S. for both simula-
tions and observations, suggesting that ENSO is an important
factor causing snow anomalies. Analysis indicates that in the
Northwest, the observed anomalous snow patterns are caused
by the winter precipitation variability associated with the
ENSO, whereas the simulated snow anomalies result from the
temperature variations caused by the climate shift. In the
Southwest, the simulated positive snowpack anomalies that
result from the stronger precipitation are associated with the
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Figure 1. Correlation coefficients between
Nifio-3.4 and (a) SWEs from the CCM3 out-
put and (b) observed snowcourse data in
the western U.S. Values in stippled areas
pass the 95% significance Student’s ¢ test.

= | RELATED PUBLICATIONS

Jin, J, X. Gao, Z. Yang, R.C. Bales, S.
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GEOSTATISTICAL MODELING OF
CLIMATE VARIABLES AT REGIONAL SCALES
Phaedon C. Kyriakidis and Norman L. Miller
Contact: Phaedon Kyriakidis, 805/893-2266, phaedon@geog.ucsb.edu

RESEARCH OBJECTIVES

The objective of this research is to develop, and illustrate
the application of, a novel geostatistical framework for sto-
chastic modeling of climate variables at regional scales. The
developed approach allows for assessing explicitly the uncer-
tainty in hydrological and environmental model predictions
due to uncertain climate forcing, with wide applications to risk
analysis in related impact assessment studies.

Nov 13 1981: Precip realization #1

39 T 39
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38 38
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Nov 13 1981: Precip realization #2
e e e

precipitation over a region near the San Francisco Bay Area in
a space-time context (Case 2 in the Approach section above) is
showecased in Kyriakidis et al. (2003). Simulated precipitation
realizations at a 1 km resolution were constrained by the avail-
able rain-gauge measurements and ancillary terrain-related
information. They were shown to reproduce (a) the rain-gauge
measurements and their histogram, and (b) a model of their
spatiotemporal correlation. Two such simulated
realizations are shown in Figure 1. The theoreti-
cal proof of mass preservation for the geostatisti-
cally derived fine-resolution predictions—that
is, the exact reproduction of data available at a
coarser resolution (Case 2 above)—is given in
Kyriakidis (2003). Current work is focused on a
case study illustrating how to apply stochastic
simulation of fine-resolution daily precipitation
subject to such coarser-resolution data con-
straints.

SIGNIFICANCE OF FINDINGS

The developed geostatistical framework con-
stitutes a novel approach for the stochastic gen-
eration of realistic fine-resolution climate predic-

6 L s
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Figure 1. Two alternative simulated realizations of daily precipitation, at 1 km resolution,

over the San Francisco Bay Area, for November 13, 1981

APPROACH

The developed geostatistical framework is based on sto-
chastically assimilating (fusing) direct measurements of cli-
mate-related variables obtained at monitoring stations, and on
ancillary (indirect) information provided by (1) terrain eleva-
tion and its derived products (e.g., slope, aspect) and (2)
coarse-resolution predictions of climate variables obtained
from dynamical downscaling, using a regional climate model.
A novel adaptation of stochastic simulation in a space-time
context enables the generation of realistic, fine-resolution,
alternative synthetic realizations of climate variables at region-
al scales. These realizations are consistent with (i.e., reproduce
exactly) the information available at coarser resolutions avail-
able in the form of dynamically downscaled predictions.

ACCOMPLISHMENTS

_\‘\_l ’ The development and application of the
B flf:{ geostatistical framework for modeling daily

6 L L
-123.5 -123 -1225 -122
(mm/day)

-121.5 tions, which can be used in a Monte Carlo setting
for risk analysis in environmental and hydrolog-
ical modeling. When coupled with regional cli-
mate model forecasts under future climate
change scenarios, the geostatistical framework
provides a novel approach to downscaling cli-
mate predictions at finer resolutions for more
realistic impact assessment studies. The explicit
account of the different data supports (i.e., the different vol-
ume informed by different types of measurements: rain gauge
data versus regional climate model predictions) is a novel
modeling characteristic not shared by any of the currently
available statistical downscaling methods.

50 60

RELATED PUBLICATIONS

Kyriakidis, P.C., N.L. Miller, and J. Kim, A spatial time series
framework for modeling daily precipitation at regional
scales. Journal of Hydrology, 2003 (in press).

Kyriakidis, P.C., The geostatistical solution of the area-to-point
spatial interpolation problem. Geographical Analysis, 2003
(in press).
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IsoToOPIC VARIATIONS IN ATMOSPHERIC MOISTURE
IN THE GREAT PLAINS REGION
Madhav V. Machavaram, Mark E. Conrad, and Norman L. Miller
Contact: Madhav V. Machavaram, 510/486-5026, mvmachavaram@lbl.gov

RESEARCH OBJECTIVES

The stable isotopic composition of atmospheric water
vapor at a given region is determined by its source and subse-
quent admixture and condensation processes. The most
dynamic changes in the water cycle occur in the atmospheric
part of the cycle. Thus, the variation in the stable isotope ratios
of atmospheric vapor provides critical information about the
locally evapo-transpired moisture. In our work, we analyzed
atmospheric vapor samples to
improve predictability, in part by inte- .
grating stable isotope variations into mepye [b =15
climatological models. B \

APPROACH e |

To understand the response of | — 1
regional hydrology to climatic varia- | =~ ] 4
tions, it is important to quantify the | = 1
influence of local moisture on precipi- e H.”
tation. The deuterium excess (8- 5\'
excess)—a measure of the abundance = T 4
of deuterium (8D) over 18-oxygen I L.
(8180)—is a valuable tool for estimat- ~el Tl -l
ing the contribution of secondary
moisture sources to atmospheric
moisture. The d-excess in the atmos-
pheric vapors is determined primarily
at the oceanic source and altered by admixture of secondary
moisture derived through evapo-transpiration. Thus, by meas-
uring the d-excess in atmospheric vapors, we can estimate the
influence of land-derived moisture.

ACCOMPLISHMENTS (DATA DISCUSSION)

Samples of atmospheric vapor between the earth surface
and 3,500 m altitude were cryogenically collected during a
flight operation. The stable isotope data for the vapor samples
are presented in Figure 1. The samples that were collected
below 700 m exhibited much smaller isotopic variation than
those from above. The top of the Atmospheric Boundary Layer
(ABL) was determined to be at 1,000 m from the surface dur-
ing the sampling time. The height of the ABL marks the alti-
tude above which the turbulence of the lower troposphere is
negligible. Thus, the sample collected at 3,660 m height could
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Figure 1. Isotopic variation in the atmospheric vapor
samples at various altitudes

be considered as the atmospheric moisture originating from
the Gulf of Mexico.

Assuming that the samples above and below the ABL rep-
resent two end members on a linear mixing line, we performed
a mixing calculation using the d-excess values, which indicat-
ed that approximately 75% of the moisture within the ABL is
derived from local sources through evapo-transpiration.
Although the contribution of second-
ary moisture may change diurnally
and seasonally, the overall effect of
locally derived moisture on precipita-
| 1 tion is believed to remain significant
1 | over time.

' ] SIGNIFICANCE
OF FINDINGS

Understanding the influence of
- locally derived moisture on the water
- cycle is valuable for improving clima-
[ tological models. When monitored
Te & over longer time scales, such informa-
tion is extremely useful in document-
ing the hydrological changes of a
region through man-made causes,
such as agriculture and urbanization.

RELATED PUBLICATIONS

Machavaram, M.V,, M.E. Conrad, and N.L. Miller, The deuteri-
um excess in precipitation and atmospheric moisture in the
southern Great Plains region of USA. AGU Conference, San
Francisco, California, December 6-10, 2002.

Machavaram, M.V,, D.O. Whittemore, M.E. Conrad, and N.L.
Miller, Precipitation induced stream flow: An event based
study in a small stream from the Great Plains region of the
USA, 2003 (to be submitted to Journal of Hydrology).
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CROSSWELL AND VERTICAL SEISMIC IMAGING AT THE
WEYBURN CO, PROJECT
Ernest L. Majer, Dale Cox, Roland Gritto, and Thomas M. Daley
Contact: Ernest L. Majer, 510/486-6709, elmajer@lbl.gov

RESEARCH OBJECTIVE

This work is part of a comprehensive time-lapse seismic
monitoring program for monitoring a massive CO; flood in a
thin fractured carbonate reservoir in EnCana’s Weyburn field,
located in the Williston Basin, southeast Saskatchewan,
Canada. There are two goals to this
project: (1) develop and deploy cost-
effective technology that could track
the detailed changes in CO, content as
a function of time and (2) aid in the
interpretation, validation, and integra-
tion of surface seismic data (from 3-C
3-D and 9-C 3-D surface and vertical
seismic profiles [VSP]) to obtain an
overall understanding of monitoring
technologies for CO..

APPROACH

An extensive long-term CO, misci-
ble injection is being operated by
EnCana in its Weyburn field. The first
phase of CO, injection started in
September 2000. The flooding project is
expected to expand over the Weyburn
field area in the next several years. To
determine applicability as well as
refine the methods, a comprehensive
plan for using geophysical methods for
mapping fluid migration and dynamics is being carried out. In
addition to the baseline and repeat 3-C 3-D and 9-C
3-D surface seismic and VSP surveys acquired by EnCana and
the Colorado School of Mines (CSM) Reservoir
Characterization Project, Berkeley Lab is carrying out high-res-
olution crosswell studies. The higher-resolution borehole data
will be integrated with the surface seismic and reservoir engi-
neering models to provide an overall understanding of reser-
voir definition and the dynamics of fluid migration. The cross-
well seismic survey is intended to provide tomographic
images of changes in reservoir properties at a meter scale or
less. Integrated with the surface seismic survey and VSP, these
data will provide proper scaling relationships for understand-
ing overall flow behaviors of the CO, fluid at the reservoir
dimensions. We will closely study the trade-off between the
spatial resolution and spatial coverage of surface methods and
borehole methods.

ACCOMPLISHMENTS

The main activities during the last year
- _\‘\_l 4’ were a successful implementation of the verti-
e rflf:{ cal crosswell and VSP program. We planned
|y
Vil il B

Figure 1. Location of the two vertical crosswell
profiles and the VSP acquired in the fall of 2002,
relative to the EnCana surface seismic and the CSM
surface seismic

and carried out two crosswell seismic profiles in three vertical
wells surrounding one of the injection patterns (see Figure 1 for
location relative to surface seismic and relative to the injection
wells and producers). These profiles provided data parallel and
perpendicular to the injector. The objec-
EnCana tive was to acquire high-resolution cross-
Phase 1A well seismic images by using downhole
olsnic A1 seismic sources and receivers in separate
Area of CSM vertical wells, as well as data with suffi-
SISl cient resolution (estimated at a scale of 1
to 2 m) to monitor CO; flood front move-
ment and sequestration within the
Midale reservoir zones and (most impor-
tantly) possible migration from the reser-
voir into other formations. After the com-
pletion of the crosswell, a VSP was run in
the center well at the two offsets used for
the crosswell. The source was an I/O
multi-component vibrator used in the
CSM surface seismic work.

SIGNIFICANCE

Both EnCana’s and CSM’s 4-D
results have shown strong seismic
anomalies that effectively correlate
with the performance in the CO, flood
front movements and conformance
efficiency (supported largely by information such as produc-
tion data and tracer study). However, EnCana’s 4-D surface
seismic has also produced some unexpected results. For exam-
ple, the patterns of the subject VSP and crosswell have so far
behaved quite abnormally. It has not yet generated any pro-
duction response, even after it had received 3.4 billion 3 COy
(or equivalently 12.3% HCPV [hydrocarbon pore volume], an
amount that would have made a normal pattern yield good
production response). EnCana’s 4-D data further show signif-
icant time delay at and below the reservoir layers and seismic
energy attenuation, both indicating a significant amount of
CO, gas accumulated near or above the reservoir. With all the
information combined, we believe that a large portion (or even
all) of the injected volume may have migrated into the overly-
ing rocks and sequestered there. This likelihood indicates that
monitoring this (and other) phenomena using high-resolution
crosswell seismic technology may be required to detect zones
of uncertainty in CO, floods.
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UNCERTAINTY ANALYSIS OF CALIFORNIA STREAMFLOW USING
MULTIPLE CLIMATE CHANGE SCENARIOS
Norman L. Miller, Kathy E. Bashford, and Eric Strem
Contact: Norman Miller, 510/486-2374, nlmiller@lbl.gov

RESEARCH OBJECTIVES

The objectives of this study are to determine the potential
upper and lower bounds of future streamflow response in
California, based on a range of climate projections.

American shows a peakflow one month earlier, while the tim-
ing of the other two watersheds remains consistent with the
historical peakflow timing.

The uniform perturbations bracket

APPROACH M i : projected temperature uncertainties. The
Analysis of the range of hydrologi- | = | -, | = | 1.5°C increase and 9% precipitation
cal response is based on two Global | = i = 1| L= increase do not change peakflow timing,
Climate Model (GCM) projections: the | = ;_ LESS j‘._‘ . ."";"‘:.'_' . but increase the October to February
Hadley Centre’'s HadCM2, awarmand | & ! . iy | o i : o y | peakflow magnitude and slightly
wet projection; and the National | I L |2 I8 A 1 30 e decrease the magnitude during the
Center for Atmospheric Research ..,....,, ! — ot snowmelt period. The peakflow magni-
Parallel Climate Model (PCM-B06.06), | e :!‘1".".'.'!'."'!'.". 1 tude is higher for the Sacramento (3a)
a cool and dry projection. Three future | ] I and American (3b), but not for the high-
periods ~ (2010-2039,  2050-2079, | " elevation Merced (3c). The Merced peak-
2080-2099) were analyzed. Future | & . |/ %% | e bR, flow decreases and occurs three months
watershed mean-area temperature | ¥ i f i & e earlier. The extreme scenario represents
(precipitation)  sensitivities ~were | 0¥t _F,t; ------- fas fﬂ'"-' a high likelihood of more flood events
derived from the temperature (precipi- I L and decreased snowmelt runoff.
tation) difference (ratio) between the | | SIGNIFICANCE OF FINDINGS
projected and baseline (1961 to 1990) | © 1.t e | L
climatologies. Specified perturbations | * =7/ LBl | California Sierra Nevada peakflow
with increasing temperature (T) and | & | LR | fb‘-_ | | L will likely occur earlier and with
precipitation (P) were also used. L:- - ‘h u-*"" . .-f-h i _H increased magnitude. Summer season

Hydrology was simulated using the
Sacramento Soil Moisture Accounting
Model, for a set of representative
basins (Smith, Sacramento, Feather,
American, Merced, Kings).
ACCOMPLISHMENTS

watershed as well.

Streamflow was analyzed with his-
torical and HadCM2- and PCM-perturbed time series, and
specified increments (see Figure 1). During 2010-2039,
HadCM2-forced peakflow occurs during the same month with
increased peakflow magnitude for the Sacramento (la),
American (1b), and Merced (1c). Peakflow timing during the
2080-2099 period for the American is a month, while the
Sacramento timing remains unchanged. The higher elevation
Merced has peakflow one month later than the historical, and
a secondary peakflow. This secondary high flow results from
increased early season snowmelt and a higher snowline,
caused by increased temperature.

The relatively cool-dry PCM-forced streamflow significant-
ly decreases during the March-to-July melt season. Peakflow
remains close to the historical amount for the Sacramento (2a)
and American (2b) for all projected periods, but the Merced
(2¢) shows an increase during 2010-2039, and then decreases
during 2050-2079 and 2080-2099. For these projections, the

126

Figure 1. Climatological monthly streamflow at the
(a) Sacramento, (b) American, and (c) Merced water-
sheds for GCM projections: (1) warm-wet and (2)
cool-dry. Incremental temperature (0° to 5°C) and
precipitation ( 0.7 to 1.30 %) are specified for each

flow will likely decrease. High-eleva-
tion basins are less sensitive to warm-
ing, but show a peakflow shift under
the incremental changes. The range of
outcomes suggests that peakflow mag-
nitudes can shift from 100% increases
to 50% decreases.

These results have been applied to
water demand and agro-economic analyses (Brekke et al.
2003).

RELATED PUBLICATIONS
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THE CALIFORNIA WATER RESOURCES RESEARCH AND
APPLICATIONS CENTER

Norman L. Miller, K.E. Bashford, G. Brimhall, W .E. Dietrich, J.A. Dracup,
J. Jin, J. Kim, P. C. Kyriakidis, X. Liang, and N.W.T. Quinn
Contact: Norman Miller, 510/495-2374, nlmiller@lbl.gov

RESEARCH OBJECTIVES

The California Water Resources Research and Applications
Center is a NASA-sponsored center designed around a set of
integrated activities focusing on California water resources
and related impacts. The objectives are to advance our under-
standing of California hydroclimate variability and change.
Core projects include building research partnerships that focus
on analysis and educational outreach of hydroclimate impacts
on natural systems, society, and infrastructure.

APPROACH

The Center uses dynamical and statistical downscaling
schemes within our Regional Climate System Model framework.
We produce hydroclimate simulations at short-term, seasonal,
and long-term time scales for weather and river flow forecasts,
climate change analyses, uncertainty estimates, landslide model-
ing, water quality monitoring, and climate change assessments
of water resources, agriculture, and natural hazards.

Our applications projects include:

® Runoff contaminant monitoring and real-time water-

quality monitoring in the San Joaquin Basin

¢ Contaminant identification and monitoring from Sierra

Foothills mine sites

® Development of a dynamic sediment transport and land-

slide hazards prediction system

® Snow cover area and water equivalent for California

using remotely sensed data and model assimilation

¢ Geostatistical uncertainty analysis of precipitation and

streamflow simulations

¢ Contributions to impact assessment reports

ACCOMPLISHMENTS

Our Center became a member of the Earth Science
Information Partnership, providing value-added climate,
weather, streamflow, and impact information to the broad user
community, the U.S. National Assessment, and the
Intergovernmental Panel on Climate Change reports. We have
completed a series of seasonal and multiyear regional climate
and streamflow simulations, developed a new statistical
downscaling technique for estimating the limits of uncertainty
(Kyriakidis et al., 2003), and have used our results as input to
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the applications listed above. Recent analysis of projected cli-
mate and streamflow analysis has been published (Kim et al.,
2002) and received national media coverage.

SIGNIFICANCE OF FINDINGS

The climate change and streamflow analyses indicate that
the likelihood of extreme weather events will increase, and that
night-time temperature will increase at a faster rate than the
daytime temperature. An important finding is that warm-wet
and cool-dry future climate projections both indicate a 50%
decrease in snowpack toward the end of this century. Based on
our accomplishments, we received new support from the
California Energy Commission, CALFED, and DOE, The
California Water Resources Research and Applications Center
has become a voice in California climate change assessments,
increasing the awareness of potential water resource problems
in California and the United States.

RELATED PUBLICATIONS

Brekke, L.D., N.L. Mille, NW.T. Quinn, and J.D. Dracup,
Climate change impacts uncertainty for San Joaquin River
Basin. LBNL-51393, 2003. J. American Water Resources
Assoc., 2003 (in press).

Casadei, M., W.E. Dietrich, and N.L. Miller, Testing a model
for predicting the timing and location of debris flow ini-
tiation in soil mantled landscape. Earth Surface
Processes, 2003 (in press).

Kim, J., T. Kim, R. Arritt, and N.L. Miller, Impacts of increased
atmospheric CO, on the hydroclimate of the western
United States. J. Climate, 15, 1926-1942, 2002.

Kyriakidis, N.L. Miller, and ]. Kim, A spatial time series frame-
work for modeling daily precipitation at regional scales.
Journal of Hydrology, 2003 (in press).
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THE DOE WATER CYCLE PILOT STUDY:
MODELING AND ANALYSIS OF SEASONAL AND EVENT VARIABILITY AT THE
WALNUT RIVER WATERSHED
Norman L. Miller, Kathy E. Bashford, Mark S. Conrad, Prudence N. Foster, and Madhav V. Machavaram
Contact: Norman L. Miller, 495-2374, nlmiller@lbl.gov

RESEARCH OBJECTIVES

The DOE Water Cycle Pilot Study is designed to develop
the use of water isotopic data (8D, 8180) to constrain hydrocli-
mate models and test process descriptions and their sensitivi-
ty at multiple scales, to better understand water cycle variabil-
ity. The research objectives are to: (1) evaluate predictions of
components of the water budget for several study periods,
using a set of nested models with different spatial resolutions,
along with archived and new field data from the Walnut River
Watershed (WRW); (2) evaluate multiscale water isotope mod-
eling as a means of tracing sources and sinks within and exter-
nal to the WRW and the Atmospheric and Radiation
Measurements Program Southern Great Plains (ARM SGP)
site, a representative global climate model grid cell; and (3)
identify water-budget-model improvements and data needs
over a range of scales.

APPROACH

Water isotopic measurements of precipitation, surface
water, soils, plants, and atmospheric water vapor were collect-
ed every three months and during the DOE Intensive
Observing Period, April 1 to June 30, 2002 (Machavaram et al.,
this volume). Land-surface modeling compared 1 km fluxes
for different modes and for a 50-year simulation. Different
wetting and drying conditions caused by different controls
were investigated. The Penn State/ NCAR Mesoscale Model
version 5 (MM5) was advanced with the implementation of
water-isotope mass-conservation equations (Foster and Miller,
this volume). Multiscale atmospheric simulations using the
MMS5 and radar-based data have been analyzed and are dis-
cussed below.

ACCOMPLISHMENTS

The MMS5 6-hour precipitation slightly underestimates for
WRW using 4 km resolution during March 1-30, 2000 (Figure
la). MM5 lags between radar-precipitation onset at March 3.
MMS5 exhibits considerable accuracy in predicting precipitation
occurrences, but shows less accuracy in predicting the precipi-
tation amount. When the 4 km MMS5 results are compared to
radar precipitation over the entire ARM CART site (Figure 1b),
accuracy is improved. MM5 may be underestimating the pre-
cipitation in the WRW, but overestimating it in the larger
ARM/CART area. This allows for compensating errors, where-
as the smaller WRW domain is less forgiving. At 12 km resolu-
tion, the MM5 model shows remarkable accuracy in forecasting
the total precipitation. At 48 km, the size of the comparison
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domain becomes important; the precipitation in the WRW is sig-
nificantly underestimated, while it is well represented over the
entire ARM/CART site. MM5 underestimates the amount of
precipitation at 4 km, because it represents the observed vari-
ability in precipitation from point-to-point.

Figure 1. MM5-simulated 4 km precipitation and WSR-88D
radar-derived precipitation during March 2000 for (A) WRW
domain and (B) the ARM/CART domain.

SIGNIFICANCE OF FINDINGS

During March 2000, there was no convective precipitation,
and hence MM5 simulations did not require use of the con-
vective parameterization. The nonconvective precipitation
scheme is inadequate at 4 km resolution. It performs better at
12 km, but significantly overestimates variability. This sug-
gests that MM5 may be used during nonconvective situations
to predict the amount of precipitation over small watersheds
(tens of kilometers) in the U.S. Southern Great Plains during
early spring—as long as the resolution is 12 km. Attempts to
resolve local-scale precipitation features with MMS5 are likely
to be biased toward underestimation of precipitation amount.

ACKNOWLEDGMENTS

This work is supported by the DOE Water Cycle Initiative
Pilot Study through the Director, Office of Science, Office of
Biological and Environmental Research, Atmospheric and
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THE GEO-SEQ PROJECT

Larry R. Myer and Sally M. Benson
Contact: Sally Benson, 510/486-5875, smbenson@Ibl.gov

RESEARCH OBJECTIVES

The GEO-SEQ Project is a public-private applied R&D part-
nership, founded with the goal of developing the technology
and information needed to enable safe and cost-effective geo-
logic sequestration of CO, by the year 2015. The goals of the
project are to:

¢ Lower the cost of geologic sequestration by (1) developing

innovative optimization methods for sequestration tech-
nologies, with collateral economic benefits such as
enhanced oil recovery (EOR), enhanced gas recovery
(EGR), and enhanced coalbed-methane production, and
(2) understanding and optimizing trade-offs between CO,
separation and capture costs, compression and transporta-
tion costs, and geologic-sequestration alternatives.

¢ Lower the risk of geologic sequestration by (1) providing

the information needed to select sites for safe and effective
sequestration, (2) increasing confidence in the effective-
ness and safety of sequestration by identifying and
demonstrating cost-effective monitoring technologies, and
(3) improving performance-assessment methods to pre-
dict and verify that long-term sequestration practices are
safe, effective, and do not introduce any unintended envi-
ronmental impact.

¢ Decrease the time to implementation by (1) pursuing early

opportunities for pilot tests with our private sector part-
ners and (2) gaining public acceptance.

APPROACH

The GEO-SEQ Project consists of four coordinated and inter-
related tasks carried out by a multidisciplinary team from eight
research organizations: Berkeley Lab, Lawrence Livermore
National Laboratory, Oak Ridge National Laboratory, Stanford
University, Texas Bureau of Economic Geology, Alberta
Research Council, and NITG-TNN, The Netherlands.

The research is conducted with the participation, advice, and
cooperation of DOE’s National Energy Technology Laboratory
and five industry partners: Chevron, Texaco, Pan Canadian
Resources, British Petroleum, and Statoil. In addition, through
ongoing collaborations and our advisory committee, the team
extends to include other universities and a number of public and
private research organizations.

ACCOMPLISHMENTS

Highlights of the research conducted to date include:

e Screening criteria for selection of oil reservoirs that could
be candidates for co-optimizing CO,-EOR and CO,
sequestration were developed.

¢ Engineering approaches have been developed to increase

CO, storage, while at the same time enhanc-

ing oil recovery.
e Numerical simulations have been carried out
| nr "--- .—l b girat

to show changes in mineralogy and porosity

in a brine-saturated sandstone formation resulting from
injection of CO, waste streams that are impure (i.e., that
contain SO,, NO,, and H5S).

e Numerical reservoir simulations have shown that it is
technically feasible to enhance recovery of gas while at
the same time sequestering CO,; the market conditions
needed to make the process economical have also been
evaluated.

¢ Softwaretools have been developed to evaluate the sen-
sitivity of candidate geophysical monitoring methods.

e Effects of hydrocarbons and clay on isotopic composi-
tions need to be taken into account in using isotopic
tracers for monitoring reservoir processes.

e State-of-the-art coalbed-methane numerical simulators
have been compared, using a set of benchmark prob-
lems incorporating increasing levels of complexity.

* An international comparison study of reservoir simula-
tors for oil, gas, and brine formations has been
completed.

e Combined crosswell seismic and electromagnetic (EM)
surveys were used to quantitatively map gas saturation
in a CO; EOR pilot in Lost Hills, California.

¢ The concept of a capacity factor, which could be used to
quantitatively compare the sequestration capacity of
specific sites, has been developed.

* A pilot brine formation CO, injection experiment is
being conducted in collaboration with the Texas Bureau
of Economic Geology.

SIGNIFICANCE OF FINDINGS

The climate of the earth is affected by changes in radiative
forcing caused by several sources, including greenhouse gases
(CO,, CHy, N0O). Energy production and the burning of fossil
fuels are substantially increasing the atmospheric concentra-
tions of CO,. One of several proposed strategies to reduce
atmospheric emissions is to capture CO, from fossil-fuel final
power plants and sequester it deep underground. Results from
the GEO-SEQ Project are providing methods and information to
enable safe and cost-effective geologic sequestration.

RELATED PUBLICATIONS

Publications of the GEO-SEQ Project can be found at
http:/ /esd.Ibl.gov/GEOSEQ/ .

ACKNOWLEDGMENTS

Support for this work was provided by the Assistant Secretary
for Fossil Energy, Office of Coal and Power Systems and Office of
Natural Gas and Petroleum Technology, through the National
Energy Technology Laboratory; and by the Director, Office of
Science, Office of Basic Energy Sciences, of the U.S. Department of
Energy under Contract No. DE-AC03-76SF00098.

129



Earth Sciences Division
Berkeley Lab

Climate Variability and Carbon Management Program

Research Summaries
2002-2003

CARBON D10XIDE FOR ENHANCED GAS RECOVERY AND AS CUSHION GAS
Curtis M. Oldenburg
Contact: 510/486-7419, cmoldenburg@Ibl.gov

RESEARCH OBJECTIVES

Natural gas reservoirs are obvious targets for carbon
sequestration by direct carbon dioxide (CO,) injection, because
of their proven record of gas production and integrity against
gas escape. Carbon sequestration in depleted natural gas
reservoirs can be coupled with enhanced gas production by
injecting CO, into the reservoir as it is being produced, a
process called Carbon Sequestration with Enhanced Gas
Recovery (CSEGR). In this process, supercritical CO is inject-
ed deep in the reservoir while methane (CHy) is produced at
wells some distance away. The active injection of CO, causes
repressurization and CHy displacement to allow the accelera-
tion and enhancement of gas recovery relative to water-drive
or depletion-drive reservoir operations. Carbon dioxide
undergoes a large change in density as CO, gas passes through
the critical pressure at temperatures near the critical tempera-
ture. This feature makes CO, a potentially effective cushion
gas for gas storage reservoirs. Thus at the end of the CSEGR
process when the reservoir is filled with CO,, additional ben-
efit of the reservoir may be obtained through its operation as a
natural gas storage reservoir. The objective of this research is
to demonstrate by numerical simulation the potential seques-
tration-related uses of CO, in natural gas reservoirs.

APPROACH

We have developed a new module called TOUGH2/ EOS7C
for simulating natural gas reservoirs under CO, injection.
TOUGH2/EQOS7C considers five mass components (water,
brine, CO,, gas tracer, CHy) and heat. For the gas mixture prop-
erties, new real gas mixture subroutines were developed to cal-
culate density and enthalpy departure in the system H,O-CO,-
CHy4 using the Peng-Robinson equation of state and an accurate
gas mixture viscosity model. We use this new module to carry
out numerical simulations of CO; injection and CHy production
in model natural gas reservoirs.

ACCOMPLISHMENTS

We have carried out numerous simulations of CO, injec-
tion, CHy production, and natural gas storage with CO; as a
cushion gas. We present here simulation results for a compar-
ison of native gas (CHy) and CO, cushion gases in a model gas
storage reservoir. In Figure 1, we show a schematic of a natu-
ral gas storage reservoir showing cushion gas which is not pro-
duced, but which compresses upon injection of the working
gas (CHy), and which expands to help produce the working
gas (CHy) upon CHy withdrawal. As shown in the pressure
vs. time part of the figure, the pressure rise in the reservoir for
a given CHy injection rate is lower with the CO, cushion gas
than for a native gas cushion. If the CHy injection rate is cut to
70% of the original rate, the pressure rise with a native gas
cushion is comparable to the full CHy injection rate with CO,

as cushion gas. In short, more working gas can be
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injected using a CO; cushion than for a native gas cushion.
The reason for this is the extreme compressibility of CO,
around the critical pressure in the 40°C reservoir.

SIGNIFICANCE OF FINDINGS

These simulation results show that CO, could be a very
effective cushion gas for natural gas storage. Such a use of the
reservoir would follow active CO injection that could be used
for enhanced gas recovery in a depleting gas reservoir. Our
simulations over the last few years show that CO, may be a
potentially useful gas for both enhancing gas recovery in
depleted gas reservoirs, and for use as a cushion gas once the
reservoir is filled with CO,.

150 —
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Figure 1. Schematic of natural gas storage and pressure vs. time
for one cycle of CHy injection with various cushion gases show-
ing the lower pressure rise for CO, cushion gas relative to a
native CH, gas cushion.

RELATED PUBLICATIONS

Oldenburg, C.M., Carbon dioxide as cushion gas for natural gas
storage, Energy and Fuels, 17(1), 240-246, 2003.

Oldenburg, C.M., S.H. Stevens, and S.M. Benson, Economic fea-
sibility of carbon sequestration with enhanced gas recovery
(CSEGR), Energy, 2003 (in press).
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CouPLED MODEL FOR CO, LEAKAGE AND SEEPAGE
Curtis M. Oldenburg and André J.A. Unger
Contact: Curtis M. Oldenburg, 510/486-7419, cmoldenburg@lbl.gov

RESEARCH OBJECTIVES

Geologic carbon sequestration involves the direct injection
of large quantities of carbon dioxide (CO,) into deep geologic
formations, such as depleted oil and gas reservoirs, saline
aquifers, and unminable coal seams. The accumulation of vast
quantities of CO, in the deep subsurface entails the risk that
CO, will leak from the target formation and seep out of the
ground. Leakage is CO, migration away from the primary tar-
get formation, whereas seepage is CO, migration across an
interface such as the ground surface. The objective of this
research is to investigate the leakage, seepage, and dispersion
of CO,.

APPROACH

We have developed a simulation capability called T2CA
(TOUGH2 for CO, and Air) that is an enhancement of the
TOUGH2 reservoir simulator. T2CA includes both subsurface
and atmospheric surface layer regions. The approach for the
subsurface follows the standard multicomponent and multi-
phase methods in TOUGH2. For the surface layer, we assume
a logarithmic velocity profile to represent time-averaged
winds. For atmospheric dispersion, we use the Pasquill-
Gifford dispersion curves and Smagorinski Model to estimate
dispersivities. The logarithmic velocity profile is specified by
setting suitable permeabilities and pressure boundary condi-
tions and setting porosity equal to one. In this way, T2CA can
handle coupled subsurface—surface-layer flow and transport.
This approach is valid for the case in which CO, concentra-
tions in the surface layer are low and mixing is passive. This
appears to be a reasonable assumption for the leakage rates
expected in geologic sequestration.

ACCOMPLISHMENTS

We have simulated cases of subsurface, surface layer, and
coupled flow and transport using T2CA. For the subsurface,
we have carried out a sensitivity analysis where various prop-
erties of a thick unsaturated zone were varied. In the surface
layer, we have carried out verification studies in which we
compared our approach with a commercial fluid-dynamics
code and observed good agreement. In Figure 1, we present
coupled flow results for wind speed equal to 1 m s’ at a height
of 2 m.

Vil il B

SIGNIFICANCE OF FINDINGS

As shown in Figure 1, CO, concentrations can reach high
levels in the subsurface, but are quickly diluted in the surface
layer. This result has significance in two important areas of car-
bon sequestration research: (1) CO, sequestration monitoring
and verification; and (2) health, safety, and environmental
(HSE) risk assessment. For monitoring and verification, our
results show that detection is more likely if instruments are
placed in the subsurface or in trenches. For HSE risk assess-
ment, our results point to the potentially significant risks of
subsurface enclosed spaces, such as basements.

RELATED PUBLICATION

Oldenburg, C.M., and A.J.A. Unger, On leakage and seepage
from geologic carbon sequestration sites: Unsaturated zone
attenuation. Vadose Zone Journal, 2(3), 287-296, 2003;
Berkeley Lab Report LBNL-51928.
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North America, as part of the CO, Capture Project (CCP) of the
Joint Industry Program (JIP), and the U.S. Department of
Energy (DOE) through the National Energy Technologies
Laboratory (NETL).
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Figure 1. CO, mass fraction and gas velocity vectors for a CO,
leakage scenario involving a source at the water table, with flux
equal to 1 x 105 kg m2 s'1 and wind of 1 m s at a height of 2 m

from the ground
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NONISOTHERMAL EFFECTS DURING CO, LEAKAGE
FROM A GEOLOGIC DisPOSAL RESERVOIR

Karsten Pruess
Contact: 510/486-6732, k_pruess@lbl.gov

RESEARCH OBJECTIVES

There is general consensus in the scientific community that
geologic disposal of CO, into saline aquifers would be made at
supercritical pressures, P > Pcrit = 73.82 bars. However, CO,
escaping from a storage reservoir may migrate upwards
towards regions with lower temperatures and pressures, where
CO, would be in subcritical conditions. An assessment of the
fate of leaking CO, requires the capability to model not only
supercritical but also subcritical CO,, as well as phase changes
between liquid and gaseous COj in subcritical conditions.

APPROACH

A new fluid property module was written for the general-
purpose TOUGH2 simulator to -
represent mixtures of brine and
CO, in all possible phase states,
including gaseous, liquid, and
supercritical CO,, as well as an
aqueous phase and solid precipi- .
tate. This was applied to a study of | % ™
leakage behavior in a simplified
hypothetical model system.

ACCOMPLISHMENTS 004
Starting from a typical geother- |
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three-phase zone became several hundred meters thick. Upflow
across the three-phase zone was impeded by interference
between the phases. As a consequence, CO, discharge at the land
surface was more dispersed than it otherwise would have been.

The simulation stopped after 391.2 years as freezing condi-
tions were approached. This stoppage occurred because the
fluid-property treatment adopted here has no provisions to deal
with phase change from liquid water to ice or solid hydrate
phases.

Another simulation was run for a larger land-surface tem-
perature of 15°C, in which the initial T,P-profile did not intersect
the CO, saturation line. Although the rising CO, was not subject
to phase change, there were never-
theless strong cooling effects
because specific enthalpy of CO,
increases upon depressurization.
Over time, temperatures declined
and a three-phase zone evolved,
similar to what was observed for
lower land-surface temperature.

SIGNIFICANCE OF
FINDINGS

Upward migration of CO, from

mal gradient of 30°C/km in conti-

i# | a geologic disposal reservoir is

nental crust and hydrostatic pres-
sures, the response to leaking CO,
entering a vertical channel with ele-

Figure 1. Advancement of liquid front, and frontal temper-
ature, as a function of time

accompanied by strong heat-trans-
fer effects and gives rise to the evo-
lution of a thick and broad three-

vated permeability at 1,000 m depth

was simulated in 2-D cylindrical geometry. A first simulation
case was run with an average land surface temperature of 5°C. In
this case, the initial T,P-profile intersected the CO, saturation
line, suggesting that liquid CO, will boil as it rises.

The system behavior observed in the simulation can be sum-
marized as follows. Some of the CO, dissolved in water, but
most of it formed a separate liquid phase. The liquid rose and
started vaporizing at about a 630 m depth. Vaporization was par-
tial and gave rise to evolution of a three-phase zone: aqueous—
liquid CO,—gaseous CO,. Latent heat transfer during phase
change caused considerable cooling of the rock, which allowed
the liquid front to advance upward (see Figure 1). Over time, the
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phase zone.

RELATED PUBLICATION

Pruess, K., Numerical simulation of CO, leakage from a geo-
logic disposal reservoir, including transitions from super-
to subcritical conditions, and boiling of liquid CO,. SPE
Journal, 2003 (submitted). Berkeley Lab Report LBNL-
52423.
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EFFECT OF WHEAT HARVEST ON REGIONAL CLMATE: EXPERIMENTS WITH THE
CourLED MM5-ISOLSM MODEL
William Riley, Heather S. Cooley’, and Margaret S. Torn

'University of California, Berkeley
Contact: William Riley, 510/486-5036, wjriley@lbl.gov

RESEARCH OBJECTIVES

Surface energy and water fluxes are tightly coupled with
CO, exchanges between the ecosystem and atmosphere. Other
surface-to-atmosphere trace-gas exchanges of interest in climate
change research are also strongly impacted by surface energy
exchanges. Further, land-use change has
considerable impact on the surface ener-
gy balance and therefore the exchanges
of these trace gases. To investigate these
issues at the regional scale, we have cou-
pled the meteorological model MM5
with ISOLSM (Riley et al., 2002; 2003), a
land-surface model that, in addition to
simulating the surface energy balance,
predicts gaseous and aqueous fluxes of
climatically relevant species within the
soil and between the ecosystem and
atmosphere.
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APPROACH

Here we describe a modeling inves-
tigation of the impact of the winter
wheat harvest on surface fluxes, air tem-
peratures, and regional climate in the

2 B Toooge, i emvaves (0%

Southern Great Plains Atmospheric Figure 1. (a) Differences (relative to the late har-
Radiation Measurement—Cloud and | vestscenario) in cumulative precipitation and in

moisture and temperature levels rapidly converged between the
two scenarios, indicating that the system has relatively little
memory of the early harvest.

Changes within the harvested areas are substantially larger
than the regionally averaged results
(Figure1); further, there are some edge
effects. For example, latent heat fluxes
increased and sensible heat fluxes
decreased in areas adjacent to the harvest
because of the drier air being advected
from the harvested region.
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SIGNIFICANCE OF FINDINGS

Simulations of the winter wheat har-
vest in the ARM-CART region indicate
that coherent harvesting substantially
impacts regionally averaged and local
surface conditions and climate. These
findings highlight the importance of land
use change on climate; in the near future
we will use the model to study interac-
tions between land use changes and the
changing global climate.
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RELATED PUBLICATIONS

Radiation Testbed (ARM-CART) region | 2 m air and soil temperatures averaged over the | Cooley, H.S., W.J. Riley, and M.S. Torn,

(Cooley et al., 2003). We chose to study ARM—CART region show fou.r distinct frime perA1—
ods (solid bars at top). (b) Differences in 2 m air

temperature in the harvested area and averaged
} | over the entire region. Air temperatures were
CART land area, and the fields are typi- | substantially higher in the harvested area.

the winter wheat harvest because wheat
accounts for about 20% of the ARM-

cally harvested within a two-week peri-

od. Two harvest dates, bracketing the interannual range in the
region, were simulated and compared: “early harvest” on June
4 and “late harvest” on July 5.

ACCOMPLISHMENTS

Differencesin latent and sensible heat fluxes, 2 m air and soil
temperatures, and precipitation varied over the two-month sim-
ulation. During the first three days after harvest, midday latent
heat fluxes increased substantially, and much of the near-surface
soil moisture was lost via evaporation. Over about the next two
weeks, midday latent heat fluxes decreased, as transpiration
was eliminated and evaporation was sharply reduced in the
harvested area. The concurrent increase in sensible heat fluxes
resulted in midday air-temperature increases of about 1°C. After

the second harvest, air temperature and soil
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Effect of harvest on regional climate

and soil moisture and temperature, in

Chapman Conference on Ecosystem

Interactions with Land Use Change,

Santa Fe, NM, 2003.

Riley, WJ., CJ. Still, M.S. Torn, and J.A. Berry, A mechanistic
model of H,180 and C1800 fluxes between ecosystems and
the atmosphere: Model description and sensitivity analy-
ses, Global Biogeochemical Cycles, 16, 1095-1109, 2002.

Riley, W]J., C.S. Still, B.R. Helliker, M. Ribas-Carbo, S. Verma,
and J.A. Berry, Measured and modeled 8180 in CO, and
H>0 above a tallgrass prairie, Global Change Biology,
2003 (in press).
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USING 180 1O PARTITION ECOSYSTEM CARBON EXCHANGES:
IMPACT OF THE NEAR-SURFACE 8180 VALUE OF SOIL WATER
ON THE 0180 VALUE OF THE SOIL-SURFACE CO, FLUX
William J. Riley
Contact: 510/486-5036, wjriley@lbl.gov

RESEARCH OBJECTIVES

The 180 content of atmospheric CO, has been proposed as
a means to partition site-level measured net ecosystem carbon
fluxes into component gross fluxes and, at the global scale, to
estimate the regional distribution of CO, fluxes. However,
these approaches require accurate prediction of the 180 value
of the soil-surface CO, flux (8F). This work aims to better
characterize and to improve the computational efficiency of
models used in global and regional simulations.
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Figure 1 (a) 8F as predicted by ISOLM and the HDMR approach.
Also shown is the gradient in g, over the top 15 cm. (b)
Cumulative isoflux from the soil to the atmosphere for the two
approaches. The error the three-month growing season was 0.2%.

APPROACH

The net C1800 surface flux depends, nonlinearly, on the
depth-dependent 8180 value of soil water (3g;,), soil moisture
and temperature, soil CO, production, and the 8180 value of
above-surface CO, (Riley, 2003a). We developed ISOLSM
(Riley et al., 2002; Riley et al., 2003b) to simulate these process-
es within an established land surface model (LSM1). ISOLSM
simulates the 180 content of canopy water vapor, leaf water,
and vertically resolved soil water; leaf photosynthetic C1800
fluxes; CO, oxygen isotope exchanges with soil and leaf water;
soil CO, and C!800 diffusive fluxes (including abiotic soil
exchange); and ecosystem exchange of H,180 and C1800 with
the atmosphere. Since ISOLSM is a computationally expensive
model, we applied a high-dimension model representation
(HDMR) technique to efficiently predict dF.
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ACCOMPLISHMENTS

Our results indicate that the HDMR approach is very accu-
rate and about 100 times faster than the full numerical solution
of the C1800 surface flux, making it appropriate for regional and
global simulations. We successfully tested the HDMR approach
over a growing season at a C4-dominated tallgrass prairie site,
and then used the model to investigate the factors important in
determining 8F,. The top panel of the figure shows comparisons
between the full numerical model and the HDMR approach for
a 20-day period. The bottom panel shows comparisons of the
cumulative isoflux from the soil surface over the full season; the
error over the growing season was less than 0.2%. The largest
changes in 8F occur when gradients in the top 5 cm are large.
These conditions typically occur when soil evaporation is large,
i.e., following precipitation.

SIGNIFICANCE OF FINDINGS

Simulation results indicate that 8F4 is dependent on the
3180 value of soil water in the top few centimeters of soil.
These results indicate that recent approaches to estimating
global distributions of the surface C1800 flux are problematic
and demonstrate the importance of accurately resolving near-
surface dg,. Also, the development of the HDMR approach
allows for accurate and computationally affordable simula-
tions of regional and global distributions.

RELATED PUBLICATIONS

Riley, W.J., Impact of the near-surface 180 value of soil water
on the 8180 value of the soil-suface CO, flux: Application
of a high-dimension model representation technique.
GRL, 2003a (submitted).

Riley, WJ., CJ. Still, M.S. Torn, and J.A. Berry, A mechanistic
model of H,180 and C1800 fluxes between ecosystems
and the atmosphere: Model description and sensitivity
analyses. Global Biogeochemical Cycles, 16, 1095-1109,
2002.

Riley, W]J., C.S. Still, B.R. Helliker, M. Ribas-Carbo, S. Verma,
and J.A. Berry, Measured and modeled 8180 in CO, and
H>0 above a tallgrass prairie. Global Change Biology,
2003b (in press).
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A NONITERATIVE MODEL TO COMPUTE CO,-H,0O MUTUAL SOLUBILITIES AT
12-100°C AND UP TO 600 BAR

Nicolas Spycher and Karsten Pruess
Contact: Nicolas Spycher, 510/495-2388, nspycher@lbl.gov

RESEARCH OBJECTIVES

Evaluating the feasibility of CO, geologic sequestration
requires intensive numerical simulations of multiphase fluid
flow. These simulations require the calculation of pressure-
temperature-composition (P-T-X) data for mix-

SIGNIFICANCE OF FINDINGS

Other CO,-H,O solubility models have been published in
the literature. However, these models either do not cover our
entire P-T range of interest or involve complex correlations

tures of CO, and H,O under moderate pressures .

and temperatures at which a CO,-rich phase (gas =R
or liquid) and an HyO-rich liquid coexist. The | & '
objective of this study is to develop correlations to _:_ % I N[
calculate efficiently and accurately the composi- B oaf
tion of these phases at equilibrium, for implemen- ) | Mg 1=

tation into numerical simulations of water-CO, 0 b :_-:- s e e e

flows. "o

APPROACH

We compiled a large number of published
experimental data on the mutual solubility of CO,
and H,O over our P-T range of interest into a data-
base (403 data points). We then developed a solu-
bility model, based on equating chemical poten-
tials, and used a modified Redlich-Kwong (RK)
equation of state to calculate fugacity coefficients
for CO, and H,O in the compressed gas phase. The
mixing rules implemented in this model have a
standard form but assume infinite H,O dilution in
the CO,-rich phase. This allowed the use of a noniterative
algorithm for computing mutual solubilities at given pressures
and temperatures. RK parameters for pure CO, were obtained
by fitting the equation of state to reference P-T data. Inverse
modeling (PEST-ASP v5.0) was then used to calibrate the solu-
bility model to the entire database of experimental P-T-X data,
yielding RK parameters for the mixture, as well as aqueous
solubility constants for gas and liquid CO, as functions of tem-
perature and pressure. Water fugacities needed in the model
were taken directly from literature sources.

ACCOMPLISHMENTS

A new model was developed to compute the mutual solu-
bilities of CO, and H,O at 12-100°C and up to 600 bar. The sol-
ubility model uses an efficient noniterative algorithm and
reproduces experimental data typically within a few percent
(Figure 1). The solubility model can be easily extended to
moderately saline solutions, using existing activity coefficient
models.
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Figure 1. Calculated mutual solubilities of CO, and H,O in this study (solid lines)
and experimental data from the literature (symbols, with different shapes or colors
for each different set of data). Dotted lines assume ideal mixing. Letters y and x
refer to mole fractions in the compressed gas and aqueous phases, respectively.

requiring an iterative solution. Also, these models rely on a
much smaller number of experimental data points. The nonit-
erative procedure developed in this study reproduces experi-
mental mutual solubilities of CO, and H,O with sufficient
accuracy for the study of geologic CO, disposal and enough
simplicity to avoid degrading the performance of numerical
fluid-flow simulations.

RELATED PUBLICATION

Spycher, N., K. Pruess, and J. Ennis-King, CO,-H,O mixtures in
the geological sequestration of CO,. I. Assessment and cal-
culation of mutual solubilities from 12 to 100°C and up to 600
bar. Geochimica et Cosmochimica Acta, 2003 (in press);
Berkeley Lab Report LBNL-50991, 2002.
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CARBON CYCLING IN THE SOUTHERN GREAT PLAINS:
THE ARM/LBNL CARBON PROJECT
Margaret S. Torn, ML.L. Fischer, William ]J. Riley, I. Pesenson, and J. Berry
Contact: Margaret S. Torn, 510/495-2223, mstorn@Ibl.gov

RESEARCH OBJECTIVES

One of the challenges in carbon cycle research is the vast
range of scales, from plants to continents, that must be bridged
with measurements and models. The Atmospheric and
Radiation Measurement (ARM)/LBNL Carbon Project is making
a coordinated suite of carbon concentration, isotope, and flux
measurements to support a range of scal-
ing and integration exercises, including

time, the atmosphere is well mixed and photosynthesis
reduces atmospheric CO, concentrations. The highest concen-
trations of CO, are on nights of low wind speed and low mix-
ing height. Our flux studies indicate that land use is the most
important driver of spatial heterogeneity in fluxes in the study

area. Using these results, regional-

scale estimates of carbon fluxes based

those proposed for the North American CO2
Carbon Program:
¢ Quantify the regional atmospheric
CO; budget.
e Predict carbon fluxes, and the

effect of land use and climate on

CO3 (ppm)
pry
o
1

2m

in on “top-down” (atmospheric concen-

25m

ot nask trations) and “bottom up” (distributed

«60m flask

modeling and eddy flux measure-
ments) approaches are in progress.

SIGNIFICANCE OF FINDINGS

them.
e Link local processes to regional | __
and global models. §
APPROACH S

We are working at the DOE ARM

3000 Observations of Atmospheric CO,
] iggg concentrations can improve estimates of

surface fluxes, source types, and total
atmospheric CO, stocks. However, the
diurnal cycle of CO, concentration at
continental sites reflects not only net
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Southern Great Plains testbed, a GCM-
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Planetary Boundary Layer (m}

ecosystem exchange, but also atmos-

grid sized area centered in Northern E
Oklahoma. The carbon cycle data =
streams that our group produces are % 1
centered at the 60 m tower of the ARM f.ﬁ 47 W
Central Facility and include: precise 2

£

0

pheric mixing (planetary boundary
layer) advection from surface winds,
and anthropogenic carbon sources.
| Thus, interpreting atmospheric concen-
e trations also requiress understanding

CO; concentration profiles; carbon eddy
covariance fluxes; National Oceanic and
Atmospheric Administration—Climate

T T T T T
516 5/17 5/18 5M9 5/20 5/21 5/22
month/day 2002

atmospheric processes and anthro-
pogenic activity.
The isotopic and molecular composi-

Monitoring Diagnostics Laboratory | Figure 1. Diurnal cycle of CO,, PBL height, and | tion of atmospheric samples creates fin-
(NOAA-CMDL) flasks in the mixed | Wind speed, May 16-22, 2002. Data were collected | gorprints of fossil, biomass burning, and

layer and free troposphere and diurnal
profiles of 13C and 180 in CO,. In the

at the ARM Central Facility: CO, concentrations are

from the continuous precise system at 60 m tower; o . h eff y d
red and yellow symbols are NOAA-CMDL flask ur ongoing research efforts are focuse

biogenic sources of carbon cycle gases.

next year, we are adding continuous CO | {ata. PBL height was estimated from radiosonde | Onjoining models of isotopic and atmos-
measurements and flask sampling for | profiles. Windspeed was measured at 4 m at the | pheric processes with land use patterns,

14CO, to assist with source attribution. | base of tower.

ACCOMPLISHMENTS

The continuous precise CO, measurements and the NOAA
flask sampling tie the ARM testbed to the global atmospheric
network. We observe that CO, concentrations are higher than
global average for the latitude, reflecting continental sources.
The diurnal cycle also shows the influence of continental
atmospheric and terrestrial processes. At night (as seen in
Figure 1), soil respiration and stable conditions lead to large
buildups in CO,, especially near the surface. During the day-
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and testing output against data covering
multiple spatial and temporal scales.

RELATED PUBLICATION
ARM Carbon Web Site: http:/ /esd.Ibl.gov/ ARMCarbon/
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THE IMPORTANCE OF BELOWGROUND PLANT ALLOCATION FOR
TERRESTRIAL CARBON SEQUESTRATION

Margaret S. Torn, T.E. Dawsonl, J.A. Bird, J. Gaudinski, and D.E. Williard
'University of California, Berkeley
Contact: Margaret S. Torn, 510/495-2223, mstorn@Ibl.gov

RESEARCH OBJECTIVES

One strategy proposed for sequestering carbon in terrestrial
ecosystems is to increase allocation of carbon to roots, on the
assumption that root inputs are efficiently converted to stable
soil organic matter (SOM). We are conducting researd to fill crit-
ical gaps in understanding belowground carbon cycling and
sequestration in soils of temperate forests, by characterizing:

¢ The lifetime of fine roots and implications for below-

ground net primary productivity

¢ Decomposition dynamics of root and needle/leaf C inputs

e Total residence time of belowground C, including SOM

APPROACH

The total residence time of root C in the ecosystem depends
on how long roots live, the decay rate of root litter, the fraction
of C inputs humified rather than lost as CO,, and the stability
of decomposition products. We are characterizing these
aspects of residence time with field experiments and isotope-
based approaches, including: (1) Natural abundance 14C to
determine fine-root lifetimes; (2) Litterbags and in situ incuba-
tions of 13C-labeled litter to estimate litter decay rates; (3) 13C-
labeled litter to track root and needle decay into soil-respired
CO,, microbial biomass, and soil organic fractions.

We are conducting the full suite of measurements at a
mature ponderosa pine forest (Blodgett, California), measur-
ing roots and litter decay at Harvard Forest, Massachusetts,
and focusing on fine-root lifetime at additional forests in the
U.S. and Europe. We report here the first year’s results on lit-
ter decomposition.

ACCOMPLISHMENTS

Several lines of evidence indicate that roots decompose
more slowly than leaves or needles in the first year of decay.
First, the litter bags had greater mass loss of needles compared
to roots at Blodgett (75% versus 90% mass remaining, respec-
tively) and leaves compared to roots at Harvard Forest (65%
versus 90% mass remaining, respectively). Second, for the
13C-labeled litter, recovery of fine-root C exceeded that of nee-
dles (77% versus 52%, respectively). Third, after one year,
more of the needle material had been reduced to a smaller size
class (<2 mm) than had the roots (42% and 24%, respectively),
see figure 1. Finally, the loss of C as respired CO, was greater
for needles than for roots.

Decay rates may vary because of chemical quality or the
depth of placement, with the latter affecting both microclimate
and soil mineral composition. We saw little
- _‘\-‘\] 4’ or no significant effect on decay rates
Vil il B

between two depths (O and A horizons), for either the litter
bag or the 13C label experiments. In contrast, we did find a
greater proportion of C compounds associated with recalci-
trance, such as acid-soluble C and lignin, in roots compared to
needles and leaves. Preliminary results suggest that chemical
quality, rather than timing or depth of input to soil, was
responsible for the differences in decay rates.
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Figure 1. Percent C recovery from needle and root litter after 10
months in situ. Litter was applied to the top of the O horizon or
2-5 cm below the O/A interface in the A horizon during
November 2001. Shown are total C recovery in the whole soil
(solid lines) and the <2 mm fraction (dashed lines). Means (n = 4)
and standard errors are shown.

SIGNIFICANCE OF FINDINGS

Although roots live longer and decay more slowly than
leaves or needles in these temperate forests, estimating the
long-term sequestration potential will require a second phase
of research on the humification pathways and stabilization of
root inputs.

RELATED PUBLICATION

Torn, M.S., S. Davis, J.A. Bird, M.R. Shaw, and M.E. Conrad,
Automated analysis of 13C/12C ratios in CO, and dis-
solved inorganic carbon for ecological and environmen-
tal applications. Rapid Communications in Mass
Spectrometry, 2003 (in press). Berkeley Lab Report LBNL-
53147.
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A WHOLE-FOREST PULSE-LABEL STUDY OF
MICROBIAL DYNAMICS AND ROOT TURNOVER
Margaret S. Torn, J. Gaudinski, K. Treseder!, J. Westbrook, D. Joslin? and C. Swanston®
'University of Pennsylvania, Philadelphia, PA
?Belowground Forest Research, Oak Ridge, TN
SLawrence Livermore National Laboratory, Livermore, CA
Contact: Margaret S. Torn, 510/495-2223, mstorn@Ibl.gov

RESEARCH OBJECTIVES

In the summer of 1999, there was a large atmospheric
release of 14CO, near the Oak Ridge Reservation (ORR),
Tennessee, from a local incinerator. The rapid photosynthetic
uptake of the 14CO, created a pulse label for studying carbon
(C) cycling through the ORR forests. Several institutions (four
DOE labs, two UC campuses, the U.S. Forest Service, and a pri-
vate firm) are utilizing this whole-ecosystem isotopic label to
address unresolved issues in terrestrial carbon cycling. At
Berkeley Lab, we are investigating (1) the longevity of fine
roots, and (2) the pathways from leaf and root inputs to micro-
bial biomass and soil organic matter. Here, we summarize the
first year’s results.

APPROACH

The ORR team used enriched and near-background leaf lit-
ter to create four treatments, depending on plant 14C inputs:
enriched roots, enriched leaf litter, both enriched leaves and
roots, and no enrichment. We determined fine-root longevity
by tracing the radiocarbon label through live and dead root
populations. New root growth was isolated by harvesting
roots that grew through a screen in the soil. For fungal dynam-
ics, ectomycorrhizae were hand-picked from freshly harvested
roots. For microbial biomass, chloroform fumigation-extracts
of soils were freeze-dried and combusted for graphitization.
Radiocarbon content was measured at Lawrence Livermore
National Laboratory by accelerator mass spectrometry.

ACCOMPLISHMENTS AND SIGNIFICANCE

New root growth contains about 10-20% of the 14C signa-
ture from the previous year’s growth (Figure 1), showing that
roots grow from a mixture of recent photosynthate and C stor-
age from the previous year. This result is helping us parame-
terize root models and estimate fine-root turnover based on
atmospheric trends in 14CO,. Our data from this and other
forests show no correlation in root lifetimes between different
root-diameter size classes; we believe that the diameter-life-
time correlation observed by minirhizotron studies may only
be valid for roots living less than 1 year.

The only plots in which ectomycorrhizal fungi were 14C-
enriched were those with trees that had enriched roots. This
shows that the fungi were not receiving carbon from decom-
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position of organic matter, but rather from the live roots they
colonized.

Microbial biomass was enriched in all treatments and
depths. The rapid enrichment (~500%o in 2002) is consistent
with conceptual models of microbes as an active carbon pool
that decomposes roots, litter, and dissolved organic material.
The similarity to heterotrophic respiration values (~400-600%o)
suggests that we may be able to use microbial biomass 14C to
estimate the season-integrated signature soil-respired 14CO,.
We are using results from these studies to improve models of
forest C cycling and sequestration.

RELATED PUBLICATION

Enriched Background Isotope Study (EBIS) Workshop Report,
January 2003; www.esd.ornl.gov/programs/WBW/
EBISwkshp2003.htm.
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Figure 1. The change in A14C of new root growth (black circles)
over time at Walker Branch, Oak Ridge, TN. The purple line
shows atmospheric 14CO, at Oak Ridge, with the major 14C
release in 1999, based on wood cellulose before July 1999 and
direct atmospheric measurements after July 1999. The dashed
green line is background atmospheric A14CO,.
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TOUGHREACT SIMULATION STUDIES FOR MINERAL TRAPPING
FOLLOWING CO, DISPOSAL IN DEEP SALINE AQUIFERS
Tianfu Xu, John A. Apps, and Karsten Pruess
Contact: Tianfu Xu, 510/486-7057, tianfu_xu@lbl.gov

RESEARCH OBJECTIVES

A reactive fluid flow and geochemical transport numerical
model TOUGHREACT has been developed for evaluating
long-term CO, disposal in deep geologic formations. The
model is needed because alteration of the aluminosilicate min-
erals in the predominant host rock is very slow and not
amenable to laboratory experiment under ambient deep-for-
mation conditions. Using this model, we performed: (1) batch
geochemical modeling analysis with three rock types (glau-
conitic sandstone from the Canada Alberta Sedimentary Basin,
a sediment from the United States Gulf Coast, and a dunite);
(2) reactive transport simulations of a 1-D radial-well region
under CO, injection conditions to analyze CO, immobilization
through carbonate precipitation in Gulf Coast sandstone of the
Frio formation (Texas); and (3) reactive transport simulations
of CO, sequestration in bedded sandstone-shale sequences.

APPROACH

TOUGHREACT was developed by introducing reactive
chemistry into the framework of the existing multiphase fluid
and heat flow code TOUGH2. The code can be applied to one,
two-, or three-dimensional porous and fractured media with
physical and chemical heterogeneity, and can accommodate
any number of chemical species present in liquid, gas, or solid
phases. A wide range of subsurface thermal-physical-chemi-
cal processes is considered, including (1) redox processes that
could be important in deep subsurface environments; (2) the
presence of organic matter; (3) the kinetics of chemical interac-
tions between the host rock minerals and the aqueous phase;
and (4) CO, solubility dependence on pressure, temperature,
and salinity of the system.

ACCOMPLISHMENTS

We evaluated the geochemical evolution under both natu-
ral background and CO, injection conditions. Changes in
porosity were monitored during the simulations. Under favor-
able conditions, the amount of CO, that may be sequestered by
precipitation of secondary carbonates is comparable to (and
can be larger than) the effect of CO, dissolution in pore waters.
The addition of CO, mass as secondary carbonates (Figure 1)
to the solid matrix decreases porosity, and a small porosity
decrease can result in a significant decrease in permeability.
The mass-transfer pattern of aqueous chemical components
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under high CO, pressure conditions is different from that
under natural conditions—most CO, sequestration occurs in
the sandstone. Simulation results of mineral alteration under
natural conditions agree well with field observations. The lim-
ited information currently available for the mineralogy of
high-pressure CO, reservoirs is also generally consistent with
our simulation. More details are given in Xu et al. (2003a, b, ¢).

RELATED PUBLICATIONS

Xu, T, J. A. Apps, and K. Pruess, Numerical simulation to study
mineral trapping for CO, disposal in deep aquifers.
Applied Geochemistry, 2003 (in press).

Xu, T, J.A. Apps, and K. Pruess, Reactive geochemical transport
simulation to study mineral trapping for CO, disposal in
deep arenaceous formations. Journal of Geophysical
Research, 108 (B2), 2071, doi:10.1029 /2002]JB001979, 2003.

Xu, T, J.A. Apps, and K. Pruess, Mass transfer, mineral alter-
ation, and CO, sequestration in a sandstone-shale system.
Chemical Geology, 2003 (submitted).
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Figure 1. Cumulative CO, sequestration in different phases
after 10,000 years
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Viswanathan, T.A. Kuczmarski, and G.L. Andersen, High-
density microarray of small-subunit ribosomal DNA probes.
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and G.L. Andersen, Sequence-specific identification of 18
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Wu, Y.-S., An approximate analytical solution for non-Darcy flow
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of flow and transport processes within the unsaturated zone of
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sandstone-shale sequences. Presented at the Second Annual
Carbon Sequestration Conference, Alexandria, Virginia, 2003.
Berkeley Lab Report LBNL-52616.
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Yaros, H.D., ]. Newman, and C.J. Radke, Evaluation of DLVO the-
ory with disjoining-pressure and film-conductance measure-
ments of common-black films stabilized with sodium dodecyl
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Selenium speciation, solubility, and mobility in land-dis-
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in unsaturated fracture networks: A numerical investigation.
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Front Cover

Mammoth Mountains, California
Director’s Overview

Aerial View of Lawrence Berkeley Nationa Laboratory with Earth Sciences Division (Building 90) to the
lower left.
Resource Departments

Rachel Lindvall, staff research associate in the Center for Isotope Geochemistry, is preparing to separate ele -
ments from a sample for isotopic analysis in a mass spectrometer.
Hydrogeology and Reservoir Dynamics

Barry Freifeld (left) and Tim Kneafsey (right) igniting a methane hydrate sample using ice as a starting
material to investigate wettability and water and gas flow properties through hydrate-containing media. These
laboratory samples, (among the largest ever made in the world) can help answer questions about extracting
methane from deposites of natural hydrates, which contain many times more energy than known oil reserves.
Geophysics and Geomechanics

Hydrogeophysicist Susan Hubbard conducts field research between rows of grapevines at the Robert
Mondavi Winery. She is dragging a surface geophysical device, called a ground penetrating radar, to map soil
moisture in the vineyard. (Photo courtesy of Mike Kowalsky) From: Radar and Fine Wine: Innovative research
uses radar to map soil moisture, create better wine grapes. By Sarah Yang, Media Relations, UC Berkeley Press.
Geochemistry

New plasma source mass spectrometer in the Center for Isotope Geochemistry provides capabilities for
rapid, precise isotope ratio measurements of elements ranging in mass from Uranium and Thorium to Lithium.
Microbial Ecology and Environmental Engineering

Jeremy Hanlon, Research Associate, and Eric Amaro, student, taking water samples in the Central Valley
of California for watershed management studies.
Research Programs

Scientists, Staff, and Students in one of the Center for Environmental Biotechnology labs, summer 2003.
Fundamental and Exploratory Research

Matthijs van Soest performing measurements at the Center for Isotope Geochemistry
Nuclear Waste

Photograph of the passive-discrete water sampler in the ECRB at Yucca Mountain. The passive-discrete
water sampler has been designed to collect a series of water samples over an extended period of time from a seep -
age face. Pressure transducers located along individual stems provide a time stamp of each sample. Atlantis
Czarnomski is shown recording samples.
Energy Resources

A typical LBNL oil field experiment site in Oklahoma
Environmental Remediation Technology

Iraj Javendal, Senior Scientist, showing students operation of soil vapor extract system at LBNL for
fuel contaminated soils.
Climate Variability and Carbon Management

Marc Fischer (Environmental Energy Technology Division) and Dave Billesbach (University of Nebraska,
Lincoln), setting up an Eddy Covariance Flux System

All photographs by Roy Kaltschmidt (Technical and Electronic Information Department, LBNL), except where noted
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